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ABSTRACT 
Nanopores are impedance based bio-sensors. The principle of nanopore sensors is analogous to 
that of a Coulter counter. A nanoscale aperture (the nanopore) is formed in an insulating membrane 
separating two chambers filled with conductive electrolyte. Charged molecules are driven through 
the pore under an applied electric voltage (a process known as electrophoresis), thereby 
modulating the ionic current through the nanopore. The temporary modulation of ionic current due 
to translocation of the molecule provides useful information about the structure, length, orientation 
and sequence. This versatile approach permits the label-free, amplification-free analysis of charged 
biopolymers. 
The major challenges facing nanopore based techniques for practical sequencing applications are 
the limitations on temporal and spatial resolution. The finite thickness of membranes limit the 
spatial resolution of the measurement as multiple nucleotides occupy the pore at a given instant, 
reducing the sensitivity of the signal making single nucleotide resolution difficult to achieve. 
Graphene and MoS2 as a single layer material of the same order of thickness as the nucleotide 
separation in a DNA strand presents an exciting alternative to commercial Silicon nitride 
membranes. These materials also provide potential for exploration of field effect mechanisms 
which can be an alternative mechanism detect the individual nucleotides in the DNA strand. The 
possibility and feasibility of using the unique electrical properties of embedded active layers of 
graphene and MoS2 in stacked membranes has been explored here. The embedded graphene layers 
presented unique insights into the electrochemical properties of graphene edges in an embedded 
nanopore structure. The lack of a bad gap in graphene (unless extremely narrow constrictions are 
fabricated, which is very challenging) makes MoS2 (monolayers have a direct band gap of 1.85 
eV) the more favorable material for charge based detection. The electrical properties of both 
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graphene and MoS2 channels are reported here. Additionally we also studied the DNA transport 
through nanopores in freely suspended MoS2 membranes as well as integration of MoS2 in our 
stacked architecture. The other major challenge is to control/slow down DNA transport to within 
bandwidth limitation of commercial instruments to ensure reliable nucleotide separation in the 
blockade signal. The application of graphene-DNA hydrophobic attractions as a method to reduce 
DNA translocation speed is reported. A final device with integrated graphene, MoS2 and dielectric 
layers could provide the required structure to achieve DNA sequencing. 
In addition atomic layer thin membranes could also improve the diagnostic capabilities of 
nanopore detection. The atomic layer thickness of these membranes could enable spatial mapping 
of size differences of an individual molecule. We report the ability of MoS2 membrane to 
distinguish free DNA from DNA-protein complex molecules. The ability to detect the presence of 
methyl binding domain proteins on methylated sites of DNA is valuable to the field of cancer 
diagnostics and such thin membranes could provide a pathway for spatial mapping of individual 
methylated sites. 
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CHAPTER 1 
INTRODUCTION 
 
DNA is the hereditary material in humans that contains the genetic instruction used to encode RNA 
and proteins. The instructions are essential in the development, functioning and reproduction of 
all living organisms and drive all cellular activity. The structure of DNA consists of two 
biopolymer strands arranged in a spiral double helix structure. The polymer strands are made up 
of sub-units called nucleotides. Nucleotides are composed of a nitrogenous nucleobase, a 
monosaccharide sugar molecule (deoxyribose) and a phosphate group. Covalent bonds between 
the sugar of nucleotide and the phosphate of the next connect the nucleotide units and form the 
polymer chain backbone. The information in DNA is stored in the sequence of nucleobases, either 
adenine (A), guanine (G), cytosine (C) and thymine (T). Hydrogen bonding between 
complementary base pairs, according to base pairing rules (A with T, C with G), connects the 
polynucleotide strands and forms the stable structure of DNA.  
Knowledge of DNA sequence is critical in understanding the cellular machinery and is of great 
importance to both medicine and biology. Sequencing the human genome has improved our 
understanding of disease, inheritance and individuality. A great deal of research and development 
has been carried out in finding cheaper and more reliable technologies for DNA sequencing.  The 
growing need for cheaper and faster sequencing technologies has inspired the $1000 genome 
challenge, proposed by the NIH in 2004. Nanopore based sequencing has emerged as an attractive 
option for achieving those targets. 
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Nanopores are impedance based bio-sensors. The principle of nanopore sensors is analogous to 
that of a Coulter counter. As shown in Figure 1, a nanoscale aperture (the nanopore) is formed in 
an insulating membrane separating two chambers filled with conductive electrolyte solution. 
Charged molecules are driven through the pore under an applied electric voltage (a process known 
as electrophoresis), thereby modulating the ionic current through the nanopore. The temporary 
modulation of ionic current due to translocation of the molecule provides useful information about 
the structure, length, orientation and sequence. The potential for cheaper and faster sequencing 
than traditional Sanger chain-termination methods has attracted a lot of attention for nanopore 
sequencing technology. Nanopore-based sequencing is a label-free, amplification-free, single-
molecule approach that can be scaled for high-throughput DNA analysis. Also it typically requires 
low reagent volumes, is low cost and supports long read lengths. [1] 
 
Figure 1. (a) Sample TEM image of a nanopore drilled in a synthetic membrane. (b) Schematic of a nanopore measurement. The membrane is encapsulated in a fluidic chamber. A voltage applied across the membrane causes motion of ions (b) Charged DNA molecules trapped by the electrical field move across the membrane (translocation) causing fluctuation in the ionic current. (c) Illustration of a DNA molecule translocating through a nanopore due to an electric field. (d) Sample current fluctuations due to translocating DNA molecules. [2] 
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The basic idea behind nanopore based sequencing is that when a single strand of DNA passes 
through the nanopore, the residual ionic current depends on which nucleotide or base (adenine (A), 
cytosine (C), guanine (G) or thymine (T)) is in the nanopore at that instant. Therefore, by recording 
how the ionic current through the nanopore changes with time, it should be possible to determine 
the sequence of bases in the DNA molecule. Using this general framework, proof-of-principle 
experiments using two naturally occurring, or biological, nanopores α-hemolysin [3] and 
Mycobacterium smegmatis porin A (MspA) [4] have shown that nanopore-based DNA sequencing 
is indeed feasible. However the mechanical instability of the lipid bilayer supporting the nanopore 
and high sensitivity to experimental conditions (like pH, salt concentration and temperature) 
present challenges of reliability and durability. Solid state nanopores have garnered interest as 
potential replacements for biological nanopores. Mechanical stability along with the potential for 
added functionalities make it an attractive research subject. In addition to sequencing, nanopore 
based singe molecule sensing has applications in both diagnostics [5] and studies involving single 
molecule bio-physics. [6] 
1.1 Motivation 
The major challenges facing solid state nanopore based techniques for practical sequencing 
applications are the limitations on temporal and spatial resolution. The finite thickness of 
membranes limit the resolution of the measurement as multiple nucleobases occupy the pore at 
any given instant, reducing the sensitivity of the signal making single nucleotide resolution 
difficult to achieve. Graphene as a single layer material of the same order of thickness as the 
nucleotide separation in a DNA strand is an attractive solution to this problem. The possibility of 
using the unique electrical properties of graphene based membranes has been explored in this 
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work. The unique graphene edge electrochemical properties in a membrane structure offers unique 
insights to the challenges involved in realizing such applications and have been reported in this 
work. The fabrication of graphene nanostructures like nanoribbons can help us achieve sensing of 
DNA through graphene conductivity fluctuations, corresponding to the ionic current modulation 
due to DNA translocation, which should be a function of only the nucleobases in the vicinity of 
the monolayer thick graphene layer. The fabrication of cheap and reliable nanostructures of 
graphene is extremely challenging and we have explored an AFM based technique which can 
easily be incorporated with the nanofabrication techniques used to fabricate synthetic membranes 
as well as cause minimal damage to the ultra thin materials incorporated in these membranes. The 
small band gap and semi-metal nature of graphene however makes charge based sensing of DNA 
molecules very challenging. Theoretical studies indicate the requirement of very thin nanoribbon 
(< 50 nm) constrictions to improve sensitivity. Recent advancements in the field of semiconducting 
2D materials have indicated the potential for charge based sensing with higher on-off rations. We 
have demonstrated the incorporation of semiconducting 2D materials like MoS2 which may be 
more suited to direct charge based sensing of negatively charged DNA molecules in a nanopore. 
In addition, unlike graphene, MoS2 has been reported to interact less than DNA. While this leads 
to faster transport through a nanopore it makes MoS2 an ideal membrane material for protein-DNA 
complex translocation experiments. We have demonstrated the translocation of free double 
stranded DNA through nanopores in freely suspended MoS2 membranes. In addition we also 
demonstrated the translocation of complex molecules of methylated DNA with molecular binding 
domain (MBD) proteins. The data indicates the ability of these thin membranes to distinguish 
molecular level differences in structure of analytes. This study indicates the potential for detection 
of methylation levels in DNA with enhanced spatial resolution as well as potential for spatial 
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mapping of molecules which is of significant clinical importance as aberrant methylation levels is 
a significant marker for a wide variety of cancers. We also demonstrated the fabrication of MoS2 
nanostructures and measured electrical properties which seem to indicate significantly higher on-
off ratios than nanostructures in graphene thus indicating higher promise of semiconducting 2D 
materials for charge based sensing. The incorporation of MoS2 into the stacked structure with the 
graphene and dielectric layers is also demonstrated.  
The other major challenge is to control/slow down DNA transport to within bandwidth limitations 
of commercial patch clamp instruments to ensure reliable nucleotide separation in the blockade 
signal. The entropic barrier of DNA translocation provides a lower limit on voltages needed to 
translocate molecules under the influence of the electric field. In addition the pico-ampere level 
current fluctuations due to DNA translocation and noise filtering requirements make it necessary 
to explore methods to reduce the speed of translocation. Exploring different modalities of sensing 
with embedded nanostructures could also enhance reliability of nucleotide separation. DNA-
graphene interactions have been reported to be base specific and physical adsorption of DNA 
molecules on graphene sheets has been reported in literature. Building on this idea we have 
demonstrated the application of graphene-DNA hydrophobic attractions as a method to reduce 
DNA translocation speed.  
1.2 Overview 
Chapter 2 is a review of solid-state nanopore systems. First the latest research in the field of 
biological nanopores is discussed in brief. A review of solid state nanopores is provided next 
focusing on the challenges associated with sequencing and the research in the use of different 
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materials to enhance sensitivity and reliability of sequencing. Finally recent developments in the 
incorporation of 2D materials into nanopore systems are discussed. 
Chapter 3 presents the development of a multilayered graphene-Al2O3 nanopore platform for the 
sensitive detection of DNA and DNA–protein complexes. The resulting nanopores are highly 
robust, exhibit low electrical noise and permit the electrical biasing of the embedded graphene 
electrode, thereby allowing for three terminal nanopore measurements. The process forms the 
template for various graphene-based nanopore structures used in future. This also gives a template 
for incorporation of other more suitable 2D materials like MoS2 into the stacked structures.   
Chapter 4 presents a study of the electrochemical properties of graphene edges in a stacked 
nanopore structure. The graphene edge embedded structure offers a unique opportunity to study 
the electrochemical exchange at an individual graphene edge, isolated from the basal plane 
electrochemical activity. The unique edge structure along with the atomically thin nature of the 
embedded graphene electrode demonstrated very high electrochemical currents. Ionic current 
modulation in the nanopore by biasing the embedded graphene terminal with respect to the 
electrodes in the fluid is reported. 
Chapter 5 presents the realization of slowing down DNA translocation speed using DNA-
graphene hydrophobic interactions. The effect of exposed graphene layers on the transport 
dynamics of both single (ssDNA) and double-stranded DNA (dsDNA) through nanopores is 
examined. Slow translocations of ssDNA in nanopores drilled in membranes with layers of 
graphene is reported and attributed to the increased hydrophobic interactions between the ssDNA 
and the graphene layers. Further confirmation of the hydrophobic origins of these interactions is 
obtained through observation of significantly faster translocations of dsDNA through these 
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graphene layered membranes. Molecular dynamics simulations confirming the preferential 
interactions of DNA with the graphene layers are also reported. 
Chapter 6 presents the development of a rapid, low-damage and reliable method for fabrication 
of graphene nanoribbons and nanostructures using AFM. Graphene nanoribbons with widths in 
the range of 270-400 nm are fabricated. Raman spectroscopy and I–V measurements was used to 
characterize the properties on these nanoribbons. This process is seamlessly compatible with 
existing nanofabrication processes, and is particularly suitable for fabricating graphene 
nanostructures for exploring new sensing modalities in nanopores. 
Chapter 7 presents new and unpublished data on the translocation of DNA through freely 
suspended MoS2 membranes. The integration of MoS2 into the stacked structure has been 
demonstrated. We also explore and report the selective detection of bulkier DNA-protein 
complexes. We detect the presence of methylated DNA-MBD protein complexes. We also report 
the transport properties of MoS2 nanostructures. The significantly higher charge modulation of 
MoS2 structures as compared to graphene make it more suitable for charge based DNA sensing 
applications.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Biological Nanopores 
The concept was using ion channels as nano-sized coulter counters which can function as single-
molecule sensors was first established by Kasionowicz et.al. [7] Biological nanopores are 
constructed in lipid membranes. Transmembrane proteins are inserted into lipid membranes to 
form these protein porins. The remarkable consistency of this process in producing identical pores, 
in terms of size and composition, make it an attractive option for nanopore sensing. In addition 
techniques like site directed mutagenesis can be applied to tailor the chemical and physical 
properties of these pores adding functionalities improving the sensitivity and nucleotide resolution 
capabilities in these systems. 
A vast majority of biological nanopore study has been focused on the use of α-Hemolysin, which 
is a naturally occurring heptameric protein extracted from bacterium Stphylococcus aureus. When 
this protein is inserted in a lipid bilayer membrane a 1.5 nm diameter nanopore (narrowest 
constriction) is created.  Native α-Hemolysin has been used to study the translocation of individual 
ssDNA and ssRNA and has been demonstrated to have the capability to differentiate purine and 
pyrimidine segments in an individual RNA molecule. [8] It has also proved to be a valuable tool 
for studying the biophysics of single molecule translocation through a protein pore, unzipping 
kinetics, bimolecular interactions and binding affinities of individual molecules. [9-12] 
Sequencing DNA using α-Hemolysin is however challenging owing to the challenges related to 
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spatial and temporal resolution described earlier. The nanopore channel is approximately 10 nm 
long which implies the presence of different nucleotides simultaneously diluting the ion current 
specific to individual nucleotides and yields small current differences between the nucleotides. 
However some success has been achieved by using an aminodextrin modified α-Hemolysin 
nanopore which constricts the nanopore channel. Coupled with an exonuclease, which can cleave 
a single nucleotide at a time, this nanopore has shown the ability to resolve single nucleotides [3] 
An alternative to α-Hemolysin has emerged recently in the form of Mycobacterium smegmatis 
porin A (MspA) channel, which is a microbacterial porin with an approximately 1.2 nm wide and 
0.6nm long constriction. The short and narrow constriction of MspA leads to an enhanced spatial 
resolution of nucleotide sequence and demonstrated a 3.5-times enhanced separation of nucleotide-
specific currents in comparison to α-hemolysin. The researchers further demonstrated a site-
directed mutagenesis method to replace negatively charged aspartate residues with neutral and 
positively charged residues to facilitate DNA translocation. [13] However, the velocity of free 
DNA translocation through the modified nanopore is too fast (~1 nt/µs) to obtain nucleotide-
specific current modulation. This is resolved by using a complex of phi29 DNA polymerase bound 
to the DNA template. The extension and excision of nucleotides are prevented by a ‘blocking 
oligomer’ annealed at the end of the template. Thus, the complex prepared for DNA sequencing 
can be drawn into the nanopore towards the trans side. Once the ‘blocking oligomer’ is unzipped 
by pulling the ssDNA in the nanopore towards the trans side, the phi29 DNA polymerase begins 
incorporating nucleotides into the primer strand and switches the direction of DNA translocation 
in the nanopore to the cis side. The synthesis time (Ƭsyn = 40 ± 10 ms) enabled the necessary 
temporal resolution to generate reproducible current levels for DNA sequences with 40-50 
nucleotides long readable regions. [4]  
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2.2 Solid State Nanopores 
Despite the reproducibility and the ability for chemical modifications, biological nanopores also 
have limitations. The lipid bilayer supporting these biological channels have a limited lifetime 
which can range from a few minutes to 2 hours. The nanopores are also extremely sensitive to 
experimental conditions like pH, salt concentration and temperature making reliability and 
repeatability of results a challenge. It is also challenging to insert a single molecule channel into 
the lipid bilayer. Solid state nanopores are fast emerging as an inexpensive and highly versatile 
alternative to biological nanopores [1, 14] as it promises higher mechanical chemical and thermal 
stability, [15] greater control on pore dimensions, [16] multiplexing [17] and integration with 
alternative detection modalities [18-20] that could improve both sensitivity and resolution of 
nanopore based sequencing. With the latest advancements in nano-fabrication techniques nanopore 
arrays can be sculpted with sub nanometer control and different materials and nanostructures can 
be easily integrated to provide desired functionalities. Nanopores can be formed in solid state 
membranes using a variety of techniques and has been a subject of great research. Feedback 
controlled Ion bean sculpting was the original technique used. Since then a variety of techniques 
like track etch methods in polymer membranes, [21] electron bean induced sputtering and more 
recently the controlled used of dielectric breakdown [22] have been demonstrated. The most 
commonly used technique involves the use of a field emission gun (FEG) TEM for sputtering 
based on the ability to control nanopore dimensions as well as instant feedback provided by the 
process. The ability to control nanopore diameters has also opened up the possibilities for bio-
physical investigation of larger molecules like proteins through nanopores. [23, 24]  
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Early research in the field of solid state nanopores was done using low-stress SiN, deposited using 
a low pressure chemical vapor deposition (LPCVD) process, as the membrane material due to its 
high resistivity and chemical stability. However this process limits the spatial resolution of the 
nanopore measurement as the fabrication of extremely thin membranes, which are stable, with 
nanometer level precision is challenging. Atomic layer deposition (ALD) is a potential solution to 
this issue by enabling deposition of thin, pin-hole free material with sub-nanometer thickness. 
Venkatesan et.al.  [15] proposed the use of Aluminum oxide (Al2O3) as the membrane material. 
Al2O3 was deposited using ALD which offers precise control in membrane thickness and was 
reported to be an excellent etch stop with high selectivity for the Bosch process. This makes Al2O3 
an excellent candidate to fabricate stable, ultrathin membranes with high aspect ratio. In further 
studies it was reported that the electrostatic interactions between the positively charged Al2O3 
surface and the negatively charged DNA molecule significantly slows down DNA translocation. 
In addition the 1/f noise in Al2O3 nanopores compared favorably to the noise reported in Silicon 
nitride nanopores. [25] A combination of these factors makes Al2O3 the choice material for all 
insulating dielectric layers used in this study. ALD has also emerged as the choice of process for 
new oxide based membranes. Recent studies on ultra-thin HfO2 oxide membranes have also 
indicated the possibilities of significant polymer pore interactions which can increase nucleotide 
separation reliability of the nanopore measurements. [26, 27] However the fabrication of robust, 
insulating, sub-nanometer thick membranes has been challenging due to ionic current leakage 
through pinholes in thin membranes. 2D materials like graphene offer a potential solution for a 
strong membrane material [28] which has the same thickness as inter-nucleotide separation in a 
DNA strand. In addition to unique materials, micro and nano-fabrication techniques also allow for 
unique stacked nanopore structures with multiple material layers and potential new functionalities 
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aimed at addressing the issues of spatial resolution and temporal resolution limiting the sequencing 
capabilities of this technology. All these aspects are discussed in more detail in the following 
sections. 
2.2.1 Physics of Translocation 
The simplest model of a nanopore assumes the constriction as a cylinder. For this geometry the 
total current due to ions is attributed to both the bulk concentration of ions and the counterions 
near the pore surface. Smeets et.al. [29] quantified the effect of salt concentration and nanopore 
charge dependence on ionic current as; 
                                     ܩ = ߨ గସ ௗ೛೚ೝ೐
మ
௅೛೚ೝ೐ ൤(ߤ௞ +  ߤ௖௟)݊௄஼௟݁ +  ߤ௄ ସఙௗ೛೚ೝ೐൨                                          (1) 
Where G is the conductance, dpore is the pore diameter, Lpore is the pore length, nkCl is the number 
density of potassium or chloride ions, σ is the surface-charge density in the nanopore, μK and μcl 
are the electrophoretic mobilities of potassium and chloride ions. The first term represents the 
effect of the bulk salt ions while the second term represents the effect of surface charge. The second 
term is strongly influenced by the membrane material and the pH of the experiment. Based on the 
isoelectric point and the zeta potential nanopore conductance can be easily calculated from this 
equation. At high salt concentrations where nKCl >> 2σ/dporee bulk ions dominate. As the salt 
concentration is reduced deviations from bulk behavior is observed and the surface charge effects 
become more important. The higher ionic conductance at low concentrations, than estimated by 
bulk approximations, was reported by Ho et.al. [30] and later confirmed by Smeets et.al. [29] The 
surface charge at physiological pH of around 7-8 varies in different materials. The surface charge 
of Al2O3 was reported to be around 50 mC/m2. Coupled with an isoelectric point around 9 a highly 
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charged positive surface is created in Al2O3 nanopores producing significant electrostatic 
interactions. [25] Manipulation of surface charge could be a pathway to modulate ionic current in 
a nanopore. The incorporation of conducting gate electrodes has been reported to modulate ionic 
current in nanopores, which can manipulate the DNA capture rate by over 3 orders of magnitude. 
This effect is particularly stronger at low ionic concentrations when the debye layers overlap. [31] 
Elecro-osmotic flow of counter-ions can be manipulated as a switch using embedded electrodes to 
influence the DNA capture rate.  
Translocation of the DNA polymer blocks a part of nanopore cross section. The finite volume of 
the molecule reduces the transport of ions through the nanopore reducing the ionic current. This 
effect dominates at high electrolyte concentration. However at very low ionic concentrations (<100 
mM) the counter-ion condensation on the DNA backbone dragged with the molecule in the 
nanopore can actually lead to enhancement of current. This was reported in SiO2 nanopores by 
Chang et.al. [32] Smeets et.al. [29] quantified the change in nanopore conductance due to the 
presence of the DNA molecule as; 
                                ∆ܩ = ଵ௅ ൫−ߨݎ௢ଶ(μ୏ + μେ୪)n୏େ୪e + μ୩∗ q୪,ୈ୒୅∗ ൯                                               (2) 
Where ro is the DNA radius, μK* is the effective electrophoretic mobility of potassium ions and 
ql*DNA is the effective DNA surface charge per unit length. Here again the first term represents the 
blockade of the bulk ions creates a reduction in nanopore conductance while the second term takes 
the counterions dragged into the pore by the DNA molecule into account and actually enhances 
the nanopore current. The DNA transport in a nano-channel is determined by the interplay between 
the electrophoretic force as well as electro-osmosis of ions. Using a highly positively charged 
surface, which can be achieved through the use of Al2O3 membranes which have a high isoelectric 
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point or the conducting gate electrodes, the electroosmotic and the electrophoretic force can be 
aligned in the same direction to enhance DNA transport.31 Applying a high positive gate voltage 
creates an enhancement of negative charges in the sidewalls of the nanopores and electroosmotic 
flow in the same direction as the DNA transport and dragging more DNA molecules in the process. 
Examination of translocation dynamics provides valuable insight into the process and potential 
controls. In particular the capture rate and speed of DNA translocation is of particular interest in 
achieving the end goal of DNA sequencing which will be discussed in more detail in the next 
section. The electric field localized at the nanopore drives the molecule through the constrictions. 
The energy considerations involve the entropic barrier for polymer translocation which needs to 
be overcome by the reduction in free energy due to translocation of the molecule across the electric 
field. [33]The entropic barrier is presented by the uncoiling of the DNA strand required to move 
across a narrow constriction. This requirement implies a capture radius to which the DNA 
molecule must diffuse to in the fluidic chamber in order to thread across the pore. The entropic 
barrier creates a threshold voltage for DNA translocation. For α-hemolysin this threshold voltage 
has been calculated to be around 47 mV. [10] Polymers which are shorter than the pore experience 
no barrier to translocation while inside the pore while longer molecules experience drag forces. 
This results in a non-linear dependence of polymer length on translocation speed. Polymers longer 
than the pore are observed to translocate at a constant velocity while shorter polymers are more 
likely to translocate faster. [10,33] Storm et.al. estimated the forces acting on a DNA strand in a 
nanopore. The driving force was estimated from the electric field acting on the charge molecule as 
Fdriving = 2eV/a where V is the applied voltage and a is the distance between the nucleotides. The 
opposing forces are the viscous drag on the molecule in the nanopore and the hydrodynamic drag 
on the un-translocated part of the molecule. The interplay between electrostatics and 
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hydrodynamics determines the speed of DNA translocation. The viscous drag force was estimated 
as F/l = 2πηrv/(R-r) where l is the length of the pore, η is the viscosity, R represents the pore radius 
and r is the polymer radius. This model ignores the presence of specific interactions between the 
molecule and the pore sidewalls. These interactions can be both electrostatic and hydrophobic in 
nature and significantly influence the translocation speed of DNA. [15] Presence of these 
interactions has been reported to increase the translocation time by orders of magnitude. This effect 
can be observed in the effect the nanopore diameter on translocation speed. [34] Reducing the pore 
diameter form 5 to 2.7 nm increased dwell time for DNA in SiN nanopores by an order of 
magnitude. In addition Al2O3 and HfO2 nanopores have both been reported to have significantly 
stronger polymer pore interactions and thus longer dwell times. [25, 26] Hydrodynamic drag on 
the un-translocated part of the polymer is very significant particularly in the absence of significant 
polymer pore interactions. This is particularly true for shallow pores with larger radius. The 
hydrodynamic drag force is estimated as Fdrag = 6πηRg(drg/dt) where Rg represents the radius of 
gyration of the un-translocated part of the DNA polymer which can coil up. 
Two types of translocations are observed in nanopores based on the above effects - Fast 
translocations, which involve very little interaction with the nanopore sidewalls, and slow 
translocations due to significant interactions. For larger pores and high salt concentration the first 
type of translocation is more probable. For fast translocations the dwell time is much smaller than 
the polymer relaxation time, tz (Zimm time). The Zimm time is the time taken by the polymer to 
reach an entropically and sterically favored state. For fast translocations the polymer is said to be 
in a frozen configuration. In particular the positively charged nanopores like Al2O3 the electro-
osmotic force is in the same direction as the Electrophoretic force which enables coil stretch 
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transitions and lowers the entropic barrier enabling fast translocations.[15] The slow translocations 
are attributed to extensive polymer pore interactions.   
2.2.2 Temporal Resolution 
One of the major challenges to achieving sequencing through solid state nanopores is the speed of 
DNA translocation. The blockade current in a typical nanopore setup is of the range of pico-
amperes or nano-amperes. The bandwidth limitation of commercial patch clamp systems used to 
measure these small current reduces the capability of individual nucleotide separation. Thus DNA 
transport needs to either be slowed down or amplifier electronics need to be improved to be able 
to measure such small signals with minimal noise.  
As described earlier the entropic barrier presents a lower limit to the voltage that needs to be 
applied to enable translocation. For biological nanopores chemical modification and attachment of 
enzymes to the pore mouth presents an option to regulate DNA transport. An enzyme motor 
coupled to the nanopore has been used to demonstrate base by base ratcheting of ssDNA. The 
enzyme progressively steps the DNA through the molecule. [35] The enzyme-DNA complex can 
be formed in the bulk and electrophoretically driven through the pore. The other approach is the 
genetic engineering of the nanopore itself. This could involve the use of positively charged 
residues in the nanopore to acts as molecular breaks or site-directed mutagenesis. [13] Combining 
the use of DNA polymerase with mutated MspA (Figure 2), well-resolved and reproducible ionic 
current levels with median durations of ~28 ms per nucleotide and ionic current differences of up 
to 40 pA were observed. [4] A good review and comparison of the major techniques used in 
biological nanopores is provided by Venkatesan et.al. [1]  
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Figure 2. (a) Crystal structure of the mutated MspA. Charged vestibule residues are indicated in blue (negative) or red (positive).  The sequence of DNA translocation is depicted through roman numerals. (i) In this approach, a primer strand (blue) is hybridized to the template's 3′ end. A blocking oligomer (red) is adjacent to the primer. The phi29 DNA polymerase (green) binds to the DNA to form a complex. A voltage is applied to drive the complex through the nanopore and the current drops. (ii) The electric force on the captured strand draws the DNA through the phi29 DNAP, unzipping the blocking oligomer. Arrows show the direction of motion of the DNA template strand. (iii) The blocking oligomer is removed and DNA reverses direction (iv) The phi29 DNAP incorporates nucleotides into the primer strand, pulling the template toward the cis side. The synthesis process increases the time for DNA translocation to within ms timescales. [4] 
 
Slowing down DNA in solid state nanopores is a greater challenge as the materials used in the 
fabrication of the membranes are chemically inert. Chemical stability provides reliability to the 
measurements as the data is fairly insulated from minor changes in experimental conditions like 
pH or temperature unlike biological nanopores. The lack of specific chemical interactions leads to 
faster translocations observed in solid state nanopores. A DNA velocity range of 100-1000 µs/nt 
is ideal for high resolution analysis and enable rapid sequencing for current bandwidth imitations. 
[1] Efforts have been made to improve the bandwidth limitations (current commercial limit is 100 
kHz) by design of CMOS integrated nanopore platform to increase the bandwidth range to 1MHz 
which increases the time resolution of the nanopore signal to the nanosecond range. [36] The noise 
characteristics of a nanopore measurement at low frequencies is dominated by the 1/f noise, mainly 
attributed to the fluctuations in the ionic conductance in the pore. At moderate frequencies (> 100 
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Hz - 10 kHz) the noise contribution through dielectric loss becomes essential while at high 
frequencies (> 10 kHz), the noise is dominated by the interaction of the amplifier with the input 
capacitance. Minimizing the area exposed to the electrolyte is a common method to reduce pore 
capacitance. The integration of the measurements electronics along with the design of the low-
noise amplifiers reduced the contribution from the electronics to reduce noise. The enhanced 
resolution of the nanopore signal on using a higher filtering frequency can be seen in Figure 3. 
 
Figure 3. Nanopore trace recording using an integrated low noise amplifier with 25-bp dsDNA fragments at a bias voltage of 600 mV. The traces were digitally filtered to both B = 500 kHz and 100 kHz. Insets of the translocation events also show how the 
extremely quick events (t < 5 µs) get filtered out at lower frequencies. Use of a higher bandwidth amplifier allows the recording of 
quick translocations with reasonable signal to noise ratio. [36] 
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Venta et.al. demonstrated the differentiation of short single stranded DNA homopolymers using a 
thin silicon nitride membrane. [37] Using a low pass filter set to a bandwidth of 500 kHz they were 
able to measure translocation duration of tens of microseconds reliably. The other approach to 
ensure reliable nucleotide separation in the blockade signal is by slowing down DNA transport. 
Various methods have been reported in literature and the following section is a brief review of the 
different approaches and the results achieved. 
2.2.2.1 Nanopore Geometry 
One of the principal advantages of the solid state nanopore is the potential to fabricate nanopores 
in a range of diameters with a certain degree of control. Wanunu et.al. investigated the voltage-
driven translocation dynamics of individual DNA molecules through solid-state nanopores in the 
diameter range 2.7–5 nm. [34] Translocation statistics were reported to be sensitive to variations 
in pore diameter when translocating polymer and nanopore have comparable diameters. DNA/pore 
interactions become more significant in that regime and slow DNA transport through the pore. 
More than an order of magnitude difference was observed for the transport of a short dsDNA strand 
(400bp) was observed as the translocation time was reduced for the 2.7 nm pore. Translocation 
speeds in the range of approximately 0.4 µs/bp was achieved for the smallest nanopores. However 
making such smaller nanopores with consistency is challenging and the use of such tight systems 
presents difficulties in getting good statistics necessary to draw conclusions. The higher entropic 
barrier makes threading the molecules more challenging and also leads to clogging issues. Smaller 
pore sizes also were reported to yield broader, more complex DNA translocation distributions, and 
a reduced fraction of full translocations to collision. In addition the nanopore stoichiometry would 
also be a major factor in determining translocation dynamics particularly in such small nanopores. 
The nature of these interactions has been studied through MD simulations and van der Waals 
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interactions have been proposed as a major cause. [38] These interactions would reduce in strength 
as the nanopore diameter is increased in comparison to the diameter of the translocating DNA 
molecule.  
2.2.2.2 Fluid Based Techniques 
Another approach at slowing DNA transport is to look at the diffusion and transport process of the 
DNA to the nanopore itself. DNA molecules have to diffuse to the capture radius of the electric 
field and move through the solution to translocate. One of the earlier solutions proposed for 
slowing DNA transport was changing the properties of the electrolyte. [39] Basic force equations 
balancing the electric force with the viscous drag gives the translocation time parameters (td) that 
can be altered to control translocation speed as shown in equation 3. [40] 
                                                                   ݐௗ = ݇ ఎ௅ವಿಲఒ௏                                                                   (3) 
Where, η is the solution viscosity, LDNA is the length of the DNA, λ is the linear charge density, V 
is the applied voltage and k is a constant. Electrolyte temperature and concentration has a direct 
correlation to viscosity. Using different concentrations of glycerol to KCl solution, the viscosity 
of the solution was modified. Nearly 4 times increase in translocation time was observed on 
increasing glycerol concentration from 10% to 50%. Controlling the salt concentration, 
temperature, viscosity and voltage DNA translocation speed was minimized to about 0.33 µs/bp 
in a 4-8 nm silicon nitride nanopore. [39] However the increase in viscosity also affects bulk DNA 
diffusion adversely affecting the DNA capture rate and probability reducing the overall output. 
The effect of solution viscosity combined with specific cation-DNA interactions was also explored 
in a recent study involving DNA translocation in an atomic layer thin MoS2 membrane in a room 
temperature ionic liquid environment. The strong stokes drag exerted by the more viscous ionic 
21  
liquid on the coiled DNA configurations outside the pore along with hydrophobic interactions 
between the bulky cation and DNA molecules reduces the DNA translocation time by about 2-3 
orders of magnitude. [41] Using viscosity gradients translocation speeds as low as 2.7 µs/bp were 
achieved for 48.5 kbp λ-dsDNA which is remarkable considering how thin the membrane is. 
Further exploration of the physics of the retardation may give more insight into how such 
mechanisms can be used to retard DNA translocation speeds.  
Another interesting approach involves the use of pressure gradients using compressed nitrogen to 
create pressure gradients. The shear force acting on the DNA due to the pressure driven flow of 
ions leads to a parabolic force distribution. The DNA translocation velocity was reported to be a 
function of the applied pressure with a nearly order of magnitude difference observed in the 
translocation time as the pressure is varied between 0.9-1.65 atm. Lower pressures create a wider 
time distribution of translocation events and lowering of DNA translocation speed to about 0.2 
µs/bp. [42] Such a control would be cheap and easy to establish. On the other hand as thinner 
membranes have attracted interest to enhance spatial resolution (discussed more in the next 
section) application of pressure may lead to degradation of membrane lifetime. 
The effect of the size of the counterions on DNA translocation rate was studied by Kowalcyzk 
et.al. [43] Their study demonstrated an increase in the translocation time for both dsDNA and 
ssDNA as the counterions decrease in size from K+ to Na+ to Li+. This was attributed to the 
different extend of binding of the counterions to the DNA molecule. Being the smallest a Li+ 
cations binds to DNA for the longest time. Also the number of Li+ cations binding to a DNA 
molecule is more than the corresponding number for the larger cations Na+ and K+, reducing the 
effective charge on the DNA molecule. An approximately 5 fold change was reported in the 
translocation time on going from KCl to LiCl solution. The effect of salt concentration was also 
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explored in this study and a minimum speed of about 0.33 µs/bp was reported for a 48.5 kbp λ-
dsDNA in a 4M LiCl solution.  
2.2.2.3 External Control 
Certain studies have explored the use of factors external to the basic nanopore system (the nano-
sized pore in an insulating membrane system encapsulated in a fluidic environment with a field 
across the membrane to drive DNA molecules across the membrane) to control the DNA 
translocation speed. The use of a fluidic gate inserted into the membrane system as a nanofluidic 
switch was reported by Paik et.al. [31] The charges on the nanopore wall affect the DNA 
translocation through electrostatic interaction. This study used an array of fairly large nanopores 
(~ 180 nm) in a conducting membrane (gold) to enable external control of the nanopore wall 
charges, through the application of a voltage source. The DNA capture rate is controlled by the 
interplay between the electrophoetic force, due to the applied electric field, acting on the ions 
moving through the membrane and the electro-osmotic flow of the counterions next to the charged 
nanopore walls. Silicon nitride membrane are normally negatively charged at physiological pH (7-
8) and attracts Na+ cations on the sidewalls. These cations move opposite to the DNA molecule 
leading to the electro-osmotic force creating a barrier to DNA transport near the sidewalls. A 
positively charged nanopore sidewalls will attract Cl- counterions which flow in the same direction 
as the DNA molecules reducing the barrier for DNA transport near the pore sidewalls. The DNA 
capture rate was effectively increased by over 3 orders of magnitude. This effect was further 
explored by simulating nanopore sidewall charges. [44] The oppositely directed electro-osmotic 
field was proposed as a possible technique to reduce DNA translocation speed. This study 
proposed a similar device with a conducting gate where a positively charged gate voltage can be 
used to enhance the DNA capture rate and once captured the field can be switched to use the 
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elctroosmotic field to retard DNA translocations thus increasing translocation time. The positively 
charged sidewalls have also been reported to cause stick slip transitions in materials like Al2O3 
causing longer translocation times. [25] The interplay between the hydrodynamics caused by 
friction of counterions flow and electrostatic interactions of charges in the nanopores will 
determine the translocation speed. The biggest advantage of nanopore charge manipulation is that 
the influence is localized to the nanopore and does not retard diffusion of target molecules in the 
bulk unlike solution viscosity changes. Reliable modulation and reversibility of local charge 
distribution can also enable an easy process to unclog nanopores to enhance yield. However the 
presence of conducting materials in a nanopore presents challenges with leakage [31, 45] which 
must be resolved for reliable results. 
Another interesting approach based on the same principle was reported by Fiori et.al. manipulates 
the surface charge density in a nanopore though the use of a laser light source. [46] A precisely 
focused low power laser light source was used to induce reversible negative surface charges, 
through a photoelectron effect, as high as 1C/m2 which is much higher than the surface charge of 
both SiN and Al2O3 membranes at pH 7-8 range.  The effect was reported to be tunable to within 
sub-millisecond range by adjusting the photon density. The enhanced drag force created by the 
electroosmotic flow was reported to influence translocation dynamics of DNA and small globular 
proteins. 2-4 milliwatts of green light was reported to enhance the DNA translocation by orders of 
magnitude. The use of laser illumination was reported to obtain translocation speed of as low as 1 
µs/bp. This process can be used to decouple the capture and subsequent translocation process. It 
also provides a pathway for in-situ control of nanopore wall charges without leakage issues and 
without permanently altering the surface properties of the nanopore or the salt solution. In addition 
the reversibility of the charge generation can be used to unclog nanopores increasing yield. 
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2.2.2.4 Chemical Modifications of the Membrane 
Another broad category of techniques to slow DNA translocations involves the functionalization 
of nanopores to manipulate DNA pore interactions. The engineering of DNA-nanopore 
interactions through the use of organic coating was demonstrated by Anderson et.al. [47] The 
coating of an 3-(aminopropyl)trimethoxysilane (APTMS) layer to a nanopore drilled in a silicon 
nitride membrane causes charge inversion. This coating has an isoelectric point (~ 6-7) higher than 
silicon (~4). This allows for pH based tuning where a 4 fold enhancement in translocation time is 
observed on moving from pH 8 to pH 6. This effect was attributed to the sticking interactions of 
the positively charged surface with the negatively charged DNA at low pH values. The 
phenomenon is also reported to be stronger for smaller pores as it enables greater role of DNA-
nanopore interactions. Translocation speeds down to 0.12 µs/bp were reported using this 
technique. In addition to local charge modification functionalization of DNA could also provide 
local bonding to the translocating DNA molecule. Krishnakumar et.al. [48] demonstrated the use 
of temporary hydrogen bonding as a pathway to increase translocation time by orders of 
magnitude. In this process palladium electrodes were functionalized using 4(5)-(2-mercaptoethyl)-
1H-imidazole-2-carboxamide. The molecule was designed to form multiple hydrogen bonds 
(recognition) with all four DNA bases and is reported to reduce translocation of short single 
stranded DNA to speeds down to 100 µs/nt.  One of the major issues however is the kinetics 
involved in the recognition process. Due to forces in the nanopore and the lack of time to form 
equilibrium bonding configuration about half the molecules are reported to not be slowed down in 
this study. 
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While chemical modification of nanopores is attractive as it could potentially enable the mimicking 
of biological nanopores and enable attachment of enzymes to pore walls to bridge the current gap 
in sequencing potential there are practical challenges that need to be addressed first. The challenges 
in chemical modification of nanopores mainly stem from the low chemical reactivity of materials 
used in nanopore system like SiN and Al2O3. In addition any surface chemistry is highly sensitive 
to surface stoichiometry and the TEM based drilling process is known to cause local stoichiometric 
changes due to preferred ablation of one of the elements over the other. [25, 49] The difficulty in 
reproducibility in nanopore fabrication can be expected to make fabrication of such reliable 
coatings challenging particularly as the pore sidewalls. It is also challenging to get direct feedback 
by TEM as the organic coatings are removed rapidly by the high energy electron beam. [50] 
2.2.2.5 Use of Novel Materials 
DNA-pore interactions have been reported to have a significant effect on the DNA translocation 
speed. [34] The use of materials other than SiN has indicated the potential for reducing 
translocation speed. Slow DNA transport through very thin highly stable nanopores in HfO2 
nanopores were reported recently. [26] The favorable physicochemical interactions between HfO2 
surface and phosphate backbone of both ssDNA and dsDNA was proposed as the possible 
explanation for this effect. A minimum speed of 5.5 µs/bp was reported for dsDNA which is an 
order of magnitude reduction in translocation speed compared to SiN membranes.  
Al2O3 has an isoelectric point of approximately 9, thus having a positively charged pore surface at 
physiological pH and has been demonstrated to slow DNA translocation by an order of magnitude 
compared to similar nanopores in SiO2 and SiN membranes. [25] Average translocation speeds of 
approximately 0.63 µs/bp were reported using a 7 nm nanopore. The slowing was mainly attributed 
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to the electrostatic attraction due to the positively charged surface. The charge density of Al2O3 
(50 mC/m2) surface is also significantly higher than SiN (8 mC/m2) surface making it more suitable 
for sequencing based applications. In addition electron energy loss spectroscopy analysis of the 
Al2O3 nanopore sidewalls indicated an aluminum rich stoichiometry and formation of different 
crystalline phases. This can cause significant surface roughening and enhance DNA-pore 
hydrophobic interactions.   
Recently the potential for DNA-graphene interactions to induce single stranded DNA (ssDNA) 
translocations in single-nucleotide steps was discussed by Wells et.al. [31] This is attributed to the 
large extent of hydrophobic interactions between nucleobases in ssDNA and graphene along with 
π-π stacking interactions. The aromatic purines and pyrimidine bases of ssDNA have been 
observed to freely adsorb on graphene surfaces. [32] Theoretical studies have suggested that 
physically adsorbed ssDNA molecules enhance stacking by adopting different conformations on 
graphene surfaces and aligning the helix axis parallel to the graphene surface. [33, 34] In addition 
graphene DNA interactions are known to be base specific. The binding energy the four nitrogenous 
nucleobases with graphene is known to vary [35, 36] with Guanine known to have the strongest 
binding affinity, providing a basis of nucleotide separation essential for sequencing applications. 
We explored the possibility of exploiting the hydrophobic adhesion between single or multiple 
graphene layers and ssDNA molecules to slow DNA transport. [51] We compared translocation 
properties of the stacked graphene structures with membrane made of Al2O3, a dielectric with 
highly charged surface that binds to DNA through electrostatic interactions. [25] A significant 
reduction in translocation speed is observed in membranes with single or multiple graphene layers 
integrated when compared to the standalone dielectric membranes. Speeds down to 10 µs/nt were 
reported for 2 graphene layered membrane. In addition, the translocation of dsDNA through our 
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stacked graphene-dielectric-graphene structure demonstrates significantly reduced interactions 
between dsDNA molecules and graphene, which is manifested in much faster translocation speed 
confirming the hydrophobic origins of the interactions. Detailed results and analysis will be 
presented in chapter 5 of this document. 
2.2.3 Spatial Resolution 
In addition to slowing DNA translocations to within bandwidth limitations, additional challenge 
to nanopore sequencing is provided by the spatial resolution of these measurements. Commonly 
used silicon nitride membranes are about 10-30 nm in thickness. Thus the nanopore region can be 
occupied of tens to hundreds of nucleotides during translocation limiting single nucleotide 
resolution. The formation of a robust, insulating, subnanometre thick membrane has been 
challenging due to leakage from pinholes. 2-D materials like graphene, boron nitride and 
molybdenum disulphide have attracted interest in the nanopore field as the bridge to solving this 
problem. 
2.2.3.1 Graphene  
Graphene is a two-dimensional sheet of carbon atoms possessing remarkable mechanical strength 
and electrical properties. [28] The thickness of a single layer of graphene (0.34 nm) is comparable 
to the spacing between nucleotides in a DNA molecule (0.3-0.5 nm). Garaj et.al. demonstrated the 
first detection of individual dsDNA molecules through a nanopore in a freely suspended atomically 
thin graphene membrane. The graphene layer was transferred on a SiN membrane with a through 
hole created by a focused ion beam (Figure 4). [52] The graphene layers were found to be 
remarkable ionic insulators with a stable conductance value despite being less than a nanometer in 
effective thickness. Also the conductance of the nanopores was found to be proportional to the 
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pore diameter as opposed to a squared dependence observed in solid state nanopores. This is 
attributed to the significant effect of access resistance for very thin membranes, which is inversely 
proportional to the pore diameter. The access resistance is attributed to the potential drop in the 
electrolyte from the electrode to the nanopore.   
 
Figure 4. (a) Schematic of a graphene membrane and experimental setup. FIB was used to form a 200 x 200 nm aperture in SiNx membrane. CVD grown graphene was transferred onto the aperture to form a freely suspended graphene membrane. The inset shows a sample nanopore drilled into the freely suspended membrane. (b) Sample dsDNA events through a 5 nm pore at a voltage bias of 160 mV. The graphene membrane separated two fluid cells containing unbuffered 3 M KCl solutions, pH 10.4. The highly basic solution was reported to improve capture rate. Insets show typical current–time traces for two translocation events sampled from among those pointed to by the arrows. [52] 
 
DNA transport through freely suspended graphene membranes, fabricated using CVD or 
exfoliation from a graphite source, have been reported by various groups since the first study came 
out in 2010. [53, 54] The translocation of dsDNA through graphene nanopores showed fluctuations 
in ionic currents corresponding to both folded and unfolded DNA structures analogous to those 
observed in thicker membranes in silicon nitride. A common issue with graphene pores relates to 
the extent of DNA-graphene interactions. The hydrophobic interactions between DNA and 
graphene limit the throughput of the nanopore systems. Garaj et.al. used a high pH solution to 
b a 
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minimize the DNA-pore interactions. [52, 55] The thin membranes were reported to have 
remarkable sensitivity in conductance modulation to small changes in translocating polymer 
diameter (0.65 nA/A°) [55] thus signifying potential to resolve molecular structures along the DNA 
strand. Experimentally achieving nanometer level spatial resolution however is challenging as the 
high 1/f noise in graphene nanopores reduces the signal to noise ratio making single nucleotide 
distinction using ionic current challenging. [56] Merchant et.al. deposited a 5-10 nm thick layer of 
TiO2 to make the surface hydrophilic to prevent pore clogging. However this reduces the spatial 
resolution of these measurements. [53] Schneider et.al. also reported irreversible pore clogging 
with bare graphene pores and coated the graphene pores with a self-assembled layer of pyrene 
ethylene glycol to improve yield. [54] Such self-assembled hydrophilic coatings were also reported 
to enable translocation of thousands of ssDNA molecules. [57] 
While the hydrophilic coatings improve yield, the translocation speeds observed in these studies 
is still in 0.01-0.1 µs/nt range thus making DNA sequencing impossible. Wells et.al. reported that 
the transport of single DNA strands through graphene nanopores may occur in single nucleotide 
steps. [58] A dramatic reduction in conformational fluctuations of the nucleotides in the nanopore 
was reported and attributed to hydrophobic interactions. In this study we report the use of ssDNA-
graphene interactions to report translocations of short single stranded DNA with speeds within the 
bandwidth limitations of the latest current amplifier systems (results and analysis in chapter 5). 
While the noise inherent to graphene nanopores makes direct sequencing by freely suspended 
graphene membranes a challenge the electrical properties of graphene present a unique opportunity 
to explore different modalities of sensing besides ionic current blockage. The remarkable 
electronic properties [59, 60] of graphene has opened avenues to combine ionic current based 
measurements with transverse sensing modalities by incorporating nanostructures which are 
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expected to have a higher signal to noise ratio enabling nucleotide level resolution. These methods 
will be looked into in more detail in a subsequent section. But adding transverse sensing 
functionalities in a graphene nanopore system is challenging due to potential leakage paths created 
and thus stacked systems with various dielectrics to reduce leakage might be needed to achieve to 
achieve reliable and robust integration with transverse electrodes. [45] The enhanced 
electrochemical activity of graphene in a nanopore system has been studied extensively in this 
study (chapter 4) and presents a challenge in reliability and reproducibility of nanopore results.  
Graphene has interesting electro-chemical properties due to the heterogeneity of electrochemical 
activity on different transfer sites. Edge sites in a graphene sheet have been reported to have a 
significantly higher electrochemical activity than basal plane sites. [61] The ability of chemically 
reduced graphene oxide electrodes to distinguish the electrochemical current signal from the four 
bases of DNA, which could not be distinguished with graphite and glassy carbon electrodes, has 
also been demonstrated. [62] The other major challenge is presented by the damage caused to thin 
graphene layers by the high energy electron beams of TEM. [63] The degradation in the properties 
of graphene nanostructures on imaging with TEM have been reported. [18] Stacked structures 
might help reduce the damage to graphene and create edge structures favorable for high resolution 
measurements. [64, 65] The recent advancements in the growth of 2D semiconducting materials 
like transition metal dichalcogenides (TMDs) provide a potential solution to these issues. With on-
off ratios exceeding 108 MoS2 seems poised to meet the challenges of charge based DNA sensing. 
[65] Unlike graphene, monolayer MoS2 has an intrinsic direct band gap of 1.8 eV [66] making it 
more suitable for charge based sensing applications. In addition other similar materials like MoSe2 
(n-channel) [67] and MoTe2 (p-channel) [68] have recently also been fabricated by CVD and 
transferred to arbitrary substrates. These materials are expected to be much more stable under the 
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electron beam used for nanopore drilling owing to higher atomic numbers. In addition the high 
modulation of currents due to variation in local charge densities indicates enhanced potential for 
DNA sensing.  
2.2.3.2 Molybdenum Disulphide and Boron Nitride 
Other 2D material candidates have recently emerged as alternatives to graphene as membrane 
materials. Boron nitride (BN) is an III–V compound, the structure of which consists of alternating 
boron and nitrogen atoms in a honeycomb arrangements similar to graphene with sp2 bonded 
atoms in a planar arrangement. [69] Hexagonal BN films have been reported to have high 
mechanical strength, high corrosion resistance and high temperature stability. [70] The higher band 
gap makes BN insulating making it more ideal than graphene for ionic current sensing without 
effects of leakage. Liu et.al. demonstrated the translocation of 10kbp dsDNA through nanopores 
in freely suspended BN membranes. [71] A significant increase in blockade signal was observed 
for the BN nanopores when compared to SiN nanopores. The effective thickness of the BN layer 
was reported to be approximately 1.1 nm which indicates potential for excellent spatial resolution. 
The hydrophobicity of the BN however limited the yield. An UV-ozone treatment was proposed 
by Zhou et.al. to enhance hydrophilicity of the BN membranes to improve yield. [72] While BN 
has potential as a standalone single molecule sensor the translocation speeds reported in both these 
studies were in the 10000-100000 nt/ms range as reported for standalone graphene membranes 
making it difficult to achieve sequencing. On the other hand BN can be used as insulating layers 
in a stacked structure insulating active graphene layers without sacrificing spatial resolution unlike 
thin dielectric layer depositions. Hexagonal boron nitride has an atomically smooth surface that is 
relatively free of dangling bonds and charge traps. It also has a lattice constant similar to that of 
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graphite and a large electrical bandgap. CVD transferred graphene devices on BN have been 
reported to have an order of magnitude higher mobility than those deposited on SiO2. [73] 
Another 2D material candidate that has gathered interest lately is MoS2 which is a semiconducting 
single layer material with a band gap of approximately 1.8eV. [66] As a semiconducting material 
with a thickness of approximately 6.5 A° MoS2 is of great interest in nanopore based sequencing 
applications. Not only is the thickness in the same range as nucleotide separation but the band gap 
could potentially enable integration of charge based sensing mechanisms through the fabrication 
of nanochannels or nanoribbons. Alternate detection mechanisms are discussed in more details in 
the next section. The DNA charge has been predicted to gate the transistor channel and modulate 
channel currents in graphene. However graphene has an extremely small band gap. Band gap of 
approximately 5 meV can be realized in nanostructures smaller than 100 nm increasing to about 
100 meV at about 20 nm widths. [74] The fabrication of such small nanostructures is a major 
practical challenge. MoS2 based pH sensing has indicated a significantly higher capacity of such 
semiconducting films for detection of minor local charge variations. Sensitivity of MoS2 
nanostructures to pH variations was reported to exceed sensitivity of similar graphene 
nanostructures by 74 times. [75] CVD of MoS2 has received a lot of attention in recent years and 
rapid strides have been made in this field indicating the potential for integration in nanopore 
structures. In addition similar CVD processes have been used to grow other TMDs thus opening 
many avenues for exploration in this field. 
 Liu et.al demonstrated the transfer of exfoliated MoS2 membranes on silicon nitride membranes 
and the translocation of dsDNA. [76] The signal to noise ratio was reported to be more than 10 
which is a major sensitivity improvement over silicon nitride membranes. In addition no major 
sticking interactions were reported with MoS2 making the yield reasonably high as largely 
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frictionless translocations were reported. This was attributed to the Mo-rich region created in the 
nanopore due to preferential ablation of sulphur atoms in the pore region by the high energy 
electron beam of TEM. [41] Density functional theory and Molecular dynamics simulations also 
suggest a characteristic response to each DNA base in change of density of state of MoS2. [77] The 
results suggested a significant change in the band gap of pristine MoS2 due to the presence DNA 
bases on top of the layer making it more ideal than graphene for transverse sensing based detection 
mechanisms like tunneling and nanoribbon current modulation (field effect transistors). However 
the reported translocation speeds were still too high for DNA sequencing. Feng et.al. have recently 
demonstrated the use of ionic liquids to enhance solution viscosity to reduce translocation speeds 
to within bandwidth detection limits. [41] Combined with an atomic layer thin MoS2 membrane, 
the approach was used to demonstrate detection of individual short strands of all 4 types of 
nucleotides. A larger difference in peak conductivity modulations was observed in the thin MoS2 
membranes as compared to thin silicon nitride membranes owing to improvement in spatial 
resolution and shows significant promise in achieving the final goal of sequencing. A combination 
of a transverse detection mechanism based on MoS2 nanostructures combined with BN insulating 
layers as slowing mechanisms could potentially provide the final device which could achieve 
sequencing. We have started work on fabrication of MoS2 nanopores using CVD and the 
fabrication of MoS2 transistors. The preliminary work reported here is discussed in more details in 
chapter 7. 
2.2.4 Alternative Modalities of Sensing With Nanopores 
DNA sequencing with solid state nanopores has spatial and temporal resolution issues as discussed 
in earlier sections. The very small conductance blockade (pA levels) coupled with difficulties in 
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fabricating thin synthetic membrane have generated interest in looking into potential alternative 
detection mechanisms. With the recent studies on incorporation of conducting and semi-
conducting 2D materials in nanopore systems there is great potential in exploring alternate 
detection mechanisms.  
The idea of transverse detection is to distinguish the individual nucleotides through embedded 
transverse electrodes as the spatial resolution will not be limited by the membrane thickness but 
instead the critical measurement region of the embedded electrode determines the resolution of the 
transverse current. Charge transport studies through DNA nucleotides transverse to the DNA 
backbone indicate the potential for tunneling to differentiate the bases. [78] Transverse current 
studies indicated nucleotides having a unique electrical signature as the energy gaps between the 
highest occupied and lowest unoccupied molecular orbitals of the DNA bases are different and 
should demonstrate pA level differences in blockade signatures. [79] Scanning tunneling 
microscope (STM) studies on homo-polymeric oligonucleotide strands diffusing through a tiny 
electron–tunneling junction generated current spikes indicating nucleotide identification.  [80] 
Electrode functionalization was used to create hydrogen bonding to reduce potential orientations 
of the detection molecule thus reducing the current distribution enabling more reliable detection. 
Such recognition tunneling was later shown to increase residence time in the nanopore for the 
DNA strand enabling identification of individual bases in a hetero-polymeric DNA strand. [81] 
STM was also used to partially sequence DNA oligomers after deposition of the molecules on a 
copper surface and identify individual guanine bases in real long-chain DNA molecules. [82] Since 
the tunneling effect decays exponentially with both the width and the height of the barriers that 
electrons have to tunnel through, the fabrication of tunneling junctions needs nanometer level 
accuracy in electrode separation to form a discernible signal. This is extremely challenging even 
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with electron-beam lithography and thus alternate fabrication needs to be employed to realize such 
junctions. Tsutsui et.al. used a voltage breakdown based technique to generate an approximately 
1nm gap in a gold electrode. [83, 84] Ivanov et.al. used electron beam induced deposition of 
platinum electrodes to fabricate tunneling junctions and detect λ-DNA molecules though the 
tunneling junction. [85] Both these studies have shown promise for detection of individual bases 
through tunneling currents. However the tunneling currents reported are extremely small (order of 
pA) and highly sensitive to structural fluctuations of DNA, ions and water. Thermal fluctuations 
could also affect the tunneling currents. In particular the orientation of the nucleotides has a 
significant effect on tunneling current. Non-specific binding of DNA and the nanopore would 
significantly reduce the reliability of nucleotide differentiation. The inherent noise of the 
nanopores also makes the realization of such a device embedded in a nanopore with reliable 
readouts difficult. However with surface modifications and improvement in signal acquisition 
electronics there is potential for a tunneling based device to form a high-throughput sequencing 
device. 
The other mechanism studied is the modulation of currents flowing in the embedded nanogaps or 
nanoribbons as the DNA moves though a pore created in such structures. Gate electrode based 
modification of ionic current has been reported in nanofluidic channels.  [86, 87] Theoretical 
studies have indicated the possibility of integration of graphene nanoribbons and nanogaps as 
embedded sensing electrodes to enable electronic readouts of individual nucleotides. One of the 
areas of interest is to find detection methods which could give larger signals in range of 
microamperes which would reduce bandwidth limitations and enable faster and cheaper 
sequencing readouts. Graphene electrodes are of particular interest as it could bridge the gap as an 
atomic layer thin sensing electrode, whose electrical properties can be used to enable new detection 
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modalities without sacrificing spatial resolution. Postma proposed the idea of a nanogap of 
approximately 1 nm to detect ssDNA molecules passing through the gap through conductance 
fluctuations. [88] While the mechanism is based on resonant tunneling the use fabrication of a 
nanogap is easier than forming nanoelectrodes exactly aligned with the nanopore.  Calculations 
predicted micro-ampere level current fluctuations in the transverse current due to motion of DNA 
strands for extremely small nanogap widths. However with increasing width the conductance 
fluctuations drops rapidly to picoampere levels. Prasongkit et.al. further calculated the electrical 
tunneling current variation due to changes in the nucleotides orientation and lateral position inside 
graphene nanogaps and found it possible to distinguish the four nucleotides. [89] 
Min et.al. used DFT to demonstrate the possibility of DNA sequencing with a graphene 
nanoribbon (GNR) based fluidic device and used the differences in pi-pi interactions of graphene-
DNA stacking to distinguish the nucleotides. [90] Further theoretical studies have confirmed the 
possibility of using transverse conduction in GNR as a method to distinguish nucleotides. [91, 92] 
Figure 5 shows a schematic illustration of such a device. The DNA charge affects the GNR 
conductivity by microamperes potentially. Girdhar et.al. proposed a quantum point contact 
geometry of graphene ribbon which was calculated to exhibit greater electrical sensitivity on 
tuning carrier concentration with current fluctuations in microamperes. [19] But these studies are 
heavily reliant on controlled edge structures of the nanoribbon and fabrication of approximately 
1-2 nm wide GNRs which are both extremely challenging. An alternating mechanism based on 
changes in the local electric potential in the vicinity of the nanopore has been demonstrated for 
both Silicon nanowires [93] and more recently GNRs [18] with widths upwards of 100 nm which 
could be more practical.  Both these studies demonstrated concatenated ionic current blockades 
with corresponding nanoribbon current fluctuations using current amplifiers of about 400kHz 
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bandwidth to measure nanoribbon current fluctuations and demonstrated a larger signal to noise 
ratio for the nanoribbon current than the ionic current signal.  However there are still certain 
challenges in realizing such devices. The electrical measurement of embedded electrodes leads to 
leakages due to electrochemical activity which has been studied in detail here (Chapter 4). The 
reproducibility of graphene edge structures, to which these measurements will be highly sensitive 
to, is also a major challenge that needs to be addressed. Another major issue is the damage to ultra-
thin 2D materials caused by high energy electron beams. The electron beam irradiation was 
reported to damage electronic properties of GNRs less than 100 nm in width. [18] Thus new 
lithographic and pore fabrication techniques also need to be looked at in realizing such devices. In 
this study we have demonstrated an AFM tip-based technique for fabrication of GNRs without the 
electron beam damage possible in electron beam lithography. The technique is also much cheaper 
than e-beam lithography and is makes alignment of nanostructures on a supporting membrane 
much easier. 
 
Figure 5. (a) Schematic illustration of a GNR with a nanopore drilled in the middle. Electrical connections are shown on either side of the graphene sheet. Such a setup can be used to simultaneously measure the ionic current blockade in the nanopore due to DNA as well as the corresponding change in graphene current induced by the charge on the DNA molecule. [94] (b) Side view of a device with GNR integrated into the membrane. The DNA passed though the pore and modulated the GNR conductivity.  [18] 
a b 
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2.2.5 Nanopore Applications in Diagnostics 
The ability of nanopores to discern subtle structural motifs in single molecules can be used for 
detection of certain biomarkers at ultra low concentrations.  DNA methylation is one of the most 
important and frequently occurring epigenetic modifications in human cells. Research indicates 
that cancer is as much a disease of misdirected epigenetics as it is a disease of genetic mutations. 
Epigenetic alterations occur in the form of DNA methylation changes, an early and frequently 
observed event in carcinogenesis. [95] Loss of methylation (hypomethylation) in specific genes 
and elevated methylation levels (hypermethylation) in others have been associated with cancers of 
the prostate, breast, lung, head and neck and liver to name a few, and also correlate with disease 
severity and metastatic potential in many tumor types. [95, 96] Cancer-specific methylated DNA 
from most tumor types is readily available in bodily fluids and biopsy specimens and also exists 
in the form of free-floating DNA shed by dead cancer cells. However the levels of methylated 
DNA in clinical samples is extremely low. [97] Current methylation analysis technique commonly 
used involves bisulphate conversion of DNA [98] followed by PCR amplification and DNA 
sequencing. DNA degradation [99] during bisulphate conversion, low amplification efficiency and 
PCR bias [100] are major challenges however and thus a large volume of analyte is needed. 
Nanopore based methylation detection has been shown recently using nanopores in commercial 
silicon nitride membranes between 10-30 nm in thickness. Methylation was detected by labeling 
methylated DNA regions with methyl binding domain proteins (MBD). In humans the most 
common epigenetic modification is the addition of a methyl group at 5-carbon position of cytosine 
and occurs exclusively at symmetric CG sites on the DNA double helix (CpG). The complex 
formed by attachment of this protein induces a 3 fold increase in ionic current blockage in 
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nanopores approximately 10-12 nm in diameter. [24] The complex diameter is expected to be 
approximately 7.5 nm in diameter and thus would block a much greater part of the pore than bare 
DNA. This technique avoids the need for the labor intensive process involved in bisulfate 
conversion assay and is label free and amplification free. Discrimination of hypermethylated and 
unmethylated DNA on short DNA (30, 60, 90 bp) fragments has also been demonstrated using 
sub-10 nm nanopores. [101] Hypermethylated DNA fragments fully bound with MBPs were 
differentiated from unmethylated DNA through the observation of significantly different 
translocation durations due to their greater diameter. Profiling of single complex site on the 
molecule using selective protein binding has also been reported. The use of thin membrane 
materials like MoS2 would greatly improve the probability of being able to profile exact location 
of these MBD complexes along a single DNA molecule strand and thus provide a methylation 
profile. This would be of considerable interest in nanopore based diagnostics. 
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CHAPTER 3 
STACKED GRAPHENE-Al2O3 PLATFORM  
In this chapter we report the development of a multilayered graphene-Al2O3 nanopore platform for 
the sensitive detection of DNA and DNA–protein complexes. Graphene-Al2O3 stacked membranes 
were formed by sequentially depositing layers of graphene and Al2O3, with nanopores being 
formed in these membranes using an electron-beam sculpting process. The resulting nanopores are 
highly robust, exhibit lower electrical noise than pure graphene membranes and permit the 
electrical biasing of the embedded graphene electrode, thereby allowing for three terminal 
nanopore measurements. In proof-of-principle biomolecule sensing experiments, the folded and 
unfolded transport of single DNA molecules and RecA-coated DNA complexes could be 
discerned. The process described here also enables nanopore integration with new graphene-based 
structures, including nanoribbons and nanogaps. 
3.1 Fabrication of Graphene-Al2O3 Nanopores 
Graphene is chosen as the electrode material in these studies due to its single-atom thickness and 
excellent mechanical and electrical properties [28] (low resistivity, high breakdown current 
density). [102] Unlike ultrathin (<10 nm) noble metal films on SiO2, which are typically 
discontinuous, [103] prohibitively resistive, unstable, and prone to electromigration (a 
phenomenon that degrades atomically thin Au electrodes, [104] graphene monolayers and bilayers 
are significantly more stable. Furthermore, the single-atom thickness of graphene permits the 
fabrication of nanopores in this material with relative ease. In graphene, the displacement threshold 
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energy for the ejection of an sp2-bound C atom (three bonds) is 17 eV, or 15 eV for C sites with a 
neighboring vacancy (two bonds). [64] At a graphene pore edge where atoms may have several 
vacant nearest-neighbor sites, the displacement threshold energy may be even less; thus the 
sputtering of nanopores in graphene could be considered a relatively low energy process (achieved 
with beam energies as low as 80 keV). Transmission electron microscope (TEM)-based sputtering 
of nanopores in metal thin films, however, is more challenging. Nanopore formation in 10–30 nm 
thick continuous Cr and Au films have been demonstrated; however pores in these films lack 
control in terms of size and shape, require very high electron beam energies (200–300 keV) to 
form, and are often unstable. [105] For example, the displacement threshold energy for Au is 35 
eV, [106] more than double the reported value for C atoms in graphene. 
The fabrication of multilayered graphene-Al2O3 nanopore structures is outlined in Figure 6a–d. 
The process involves first forming a 300–350 nm diameter aperture in a ∼70 nm thick free-
standing Al2O3 membrane, fabricated using a process developed earlier in our lab, [15] using a 
focused ion beam (FIB) tool (Figure 6 a,e). Graphene grown via chemical vapor deposition (CVD) 
is next transferred onto this substrate (Figure 6b), this layer being referred to as g1. The substrate 
is next annealed in a furnace at 400 °C under Ar/H2 flow to remove any residual PMMA, [107] 
and the quality of the transferred film is inspected using Raman spectroscopy and electron 
diffraction imaging. The ratio of the 2D to G peak (I2D/IG) in the Raman spectra of Figure 6f from 
the suspended graphene membrane confirms primarily monolayer and bilayer coverage. These 
results are in good agreement with the large area monolayer thicknesses reported by Li et al. [108] 
using a similar CVD growth process. [109] Next, a metallic Al seed layer of thickness 1.5 nm is 
evaporated onto g1. Upon oxidation in air, this seed layer promotes the conformal deposition of 
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Al2O3 and prevents non-uniform dielectric nucleation. [110] A 6.5 nm layer of Al2O3 (dielectric 
layer 1, or d1) is next deposited on this seed layer by ALD. 
 
Figure 6. Fabrication of multilayered graphene-Al2O3 membranes with single nanopores. (a) A 300–350 nm diameter pore is first formed in a 70 nm thick Al2O3 membrane using a focused ion beam. (b) CVD grown graphene is next transferred onto the Al2O3 surface (g1) including over the pore region, thereby forming a suspended graphene membrane. (c) Metallic Al is evaporated on the graphene, followed by the deposition of ALD Al2O3 (d1). A second graphene layer is then transferred (g2), and a Ti/Au contact evaporated at the edge of the g2 layer. The second Al seed/Al2O3 dielectric layer is then deposited (d2). (d) A nanopore is formed in this graphene–dielectric stack using a focused convergent electron beam. (e) TEM image of the ∼350 nm diameter FIB pore after step (a). (f) Large-area Raman map of g1 showing primarily monolayer to bilayer coverage. (g) TEM diffraction pattern from the suspended graphene membrane following step (b). (h) TEM image of the graphene-Al2O3 suspended membrane following step (c). (i) TEM image of a ∼8.9 nm diameter nanopore formed in the graphene-Al2O3 membrane using a focused electron beam. [56] 
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It is noted that the g1 layer serves as a mechanical support for subsequent layers. Without this 
mechanical support, the d1 layer as deposited would simply coat the inside of the FIB pore, as 
ALD is a conformal deposition process. ALD is the process of choice here, as it allows for sub-
nanometer level control over the thickness of the deposited film, and the low temperature nature 
of this process (∼250 °C) makes it compatible with previously deposited graphene and metal 
layers. In contrast, low-pressure chemical vapor deposition (LPCVD) of SiN is not compatible 
with our process, as the LPCVD technique lacks sub-nanometer control over film thickness and 
the elevated deposition temperature (∼800 °C) could degrade existing graphene layers on the 
substrate. Moreover, the choice of Al2O3 as the dielectric material here is based on previous studies 
that have shown that low 1/f electrical noise is observed in Al2O3 nanopores [15] and strong 
electrostatic interactions between Al2O3 (positively charged) and negatively charged dsDNA at pH 
7.5 can help reduce DNA translocation velocity. [25] 
The entire process (graphene growth and transfer, seed layer deposition, and ALD Al2O3) is then 
repeated once more, resulting in a multilayered graphene/Al2O3 stack, as shown in Figure 6c. The 
membrane thickness post-fabrication is ∼20 nm in the 300–350 nm diameter aperture area. 
Notably, the g2 layer serves as the active device layer. This layer is insulated on both sides by 
∼6.5 nm of ALD Al2O3 and as a result can be biased with minimal current leakage, serving as the 
gate electrode in the stacked architecture. A TEM image of the suspended membrane stack is 
shown in Figure 6h. Finally, a focused convergent electron beam from a field-emission gun TEM 
is used to form a single nanopore in the stack, as shown in Figure 6d. By tuning the beam current 
density and drill time, pores of varying diameter can be sputtered in these membranes and sculpted 
with sub-nanometer precision. Figure 6i shows a TEM image of an 8.9 nm diameter nanopore 
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formed using this technique in a multilayered graphene-Al2O3 membrane. This process also 
permits the electrical contacting of the g2 layer, enabling the formation of a nanopore with an 
embedded atomically thin graphene electrode which will be discussed more in the next chapter. 
Conductive electrolyte (1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8) is inserted into each fluidic 
reservoir, and a potential is applied across the cis and trans chambers using Ag/AgCl electrodes, 
resulting in the flow of ions through the nanopore.  
The current versus voltage (I–V) characteristics of multiple graphene-Al2O3 nanopores in 1 M KCl, 
10 mM Tris, 1 mM EDTA, pH 8, are shown in Figure 7a. Linear I–V characteristics are observed 
in all cases, suggesting a symmetric nanopore structure as previously reported in simple Al2O3 
nanopores. [15, 25] Figure 7a illustrates measured I–V characteristics (symbols) from an 8.9, 15, 
18, and 24 nm diameter nanopore with corresponding TEM images inset in Figure 7b. The solid 
lines in Figure 7a represent simulated pore currents solved using numerical techniques. Briefly, 
the coupled Poisson–Nernst–Planck equations and Navier–Stokes equations for fluid flow in the 
nanopore are solved to obtain the local electric potential, ion concentration, velocity, and pressure 
profiles. Further details are provided in our publication. [56] Good agreement between 
experimental (symbols) and simulated results (solid lines) is observed for all pores in 1 M KCl. 
Note, at pH 8, a low surface charge density (|σ| = 10 mC/m2) is assumed in the nanopore in all 
simulations. This assumption is reasonable, as the effect of surface charge on the ionic current is 
negligible in 1 M KCl, given the Debye screening length κ–1 ≈ 0.3 nm ≪ dpore, where κ2 = 
(2e2nKCl)/(kBTεε0). In this equation, nKCl represents the number density of K+ and Cl– ions, e the 
elementary charge, kB the Boltzmann constant, T the temperature; ε and ε0 are the relative 
permittivity of the electrolyte and permittivity of free space, respectively. Electroosmotic flows 
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resulting from condensed counterions on the charged pore surface should also be negligible under 
these conditions. 
 
Figure 7. Graphene-Al2O3 nanopore electrical characterization. (a) Measured current–voltage (I–V) response from graphene-Al2O3 nanopores of various diameter (symbols) in 1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8 electrolyte. Linear characteristics are observed. Measured values are in good agreement with numerical simulations (solid lines). I–V response of a multilayer membrane without a nanopore is also shown (solid squares). (Inset) Noise power spectra from nanopores of diameter 8–9 nm in graphene only, a multilayered graphene-Al2O3 stack, and Al2O3 alone. Noise spectral components exhibit the highest amplitude in the pure graphene case, resulting from high 1/f noise. In comparison, 1/f noise in graphene-Al2O3 nanopores is significantly less and is comparable to that observed in Al2O3 nanopores. (b) Conductance stability versus time for graphene-Al2O3 nanopores from (a) with TEM images of each pore inset. Stable pore conductance is observed for over 60 min. Stability of a membrane without a nanopore is also shown (solid squares). [56] 
 
The inset of Figure 7a shows the low-frequency electrical noise from nanopores of diameter 8–9 
nm formed in multilayered graphene Al2O3 membranes versus membranes of either graphene 
alone or Al2O3 at an applied voltage of 200. The low-frequency 1/f noise observed in the stack 
architecture is comparable in magnitude to pores in SiN and Al2O3, [15, 53] but is significantly 
less than in pure graphene nanopores, where high 1/f noise is attributed to incomplete wetting of 
the surface likely due to the hydrophobicity of graphene. [57] Minimizing this low-frequency 1/f 
noise is integral to maximizing the sensitivity and signal-to-noise ratio of a nanopore. Figure 7b 
illustrates the stability of graphene-Al2O3 membranes containing a single nanopore; pore 
conductance is plotted as a function of time for the devices in Figure 7a. Stable conductance values 
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are observed for over 60 min, confirming the chemical and mechanical stability of each device in 
conductive electrolyte. The conductance versus time data for a graphene-Al2O3 membrane with no 
pore (black solid squares) is also shown. The nonzero conductance is likely due to current leakage 
paths through pinholes in the dielectric and defects in the CVD graphene, analogous to leakage 
currents observed in TiO2-coated graphene membranes. [53] However, these leakage currents are 
3 to 4 orders of magnitude less than the ionic current through the nanofabricated pore and are 
therefore negligible. 
3.2 DNA Detection in Stacked Structures 
To study the biomolecule transport properties of graphene-Al2O3 nanopores, we performed 
experiments involving the translocation of λ-DNA, a 48.5 kbp long dsDNA fragment. Given the 
relatively small persistence length of dsDNA (lp = 54 ± 2 nm), λ-DNA is expected to assume the 
shape of a highly coiled ball in high-salt solution with a radius of gyration of Rg = (2lpL)1/2 ≈ 1.33 
μm. Upon capture in the nanopore, the molecule will elongate and thread through the pore. Figure 
8a illustrates current blockades induced by λ-DNA as it translocates through an 11.3 nm diameter 
graphene-Al2O3 nanopore at an applied voltage of 400 mV in 1 M KCl, 10 mM Tris, 1 mM EDTA, 
pH 10. The λ-DNA concentration used in these experiments is 100 ng/μL. High-pH electrolyte is 
used to minimize graphene–DNA interactions and to prevent electrostatic binding of dsDNA to 
the negatively charged Al2O3 membrane. These experimental conditions yielded repeatable DNA 
translocation events. Two distinct blockade levels were observed: a shallow blockade level 
corresponding to linear dsDNA transport and a deeper blockade level corresponding to folded 
DNA transport as seen in Figure 8b. The translocation of both folded and unfolded dsDNA 
structures through SiN nanopores [40, 111] and pure graphene nanopores has been previously 
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reported. The current histogram of Figure 8b is composed of 562 individual DNA translocation 
events. To confirm that these events are indeed due to DNA translocation and not simply 
interactions with the pore surface, we probed the effect of voltage on translocation time. Voltage-
dependent DNA transport was observed, translocation times, tD, decreasing with increasing 
voltage. Measured mean values for translocation time were tD = 1.81 ± 2.77 ms at 400 mV (Figure  
8c), and tD = 2.66 ± 4.08 ms at 250 mV from n = 1119 events (Figure  8c inset). The broad 
distribution of translocation times is representative of DNA translocation involving significant 
interactions with the pore surface, [25, 34] These experiments demonstrate that graphene-Al2O3 
nanopores are highly sensitive at detecting not only the presence of a single molecule but also 
biomolecule secondary structure (folded or unfolded). This system could prove useful in reading 
sensitive topographic information along the length of a molecule, for example, bound proteins on 
DNA or RNA secondary structures. In the following section, we show proof-of-principle protein–
DNA binding experiments involving RecA-coated DNA. 
 
Figure 8. λ-DNA transport. (a) Sample current traces showing the transport of 48.5 kbp λ-DNA through an 11.3 nm diameter graphene-Al2O3 nanopore at an applied voltage of 400 mV in 1 M KCl, 10 mM Tris, 1 mM EDTA, pH 10 electrolyte. Each downward spike from the baseline current level (IBL) corresponds to the transport of a single λ-DNA molecule. (Inset) TEM image of the nanopore; scale bar is 5 nm. (b) Current blockage histogram showing two distinct current peaks, corresponding to the unfolded and folded transport of λ-DNA. The histogram is composed of n = 562 separate translocation events at 400 mV. (c) Event translocation time (tD) histogram at 400 mV with a biexponential function fitted to the data. Mean tD = 1.81 ± 2.77 ms at 400 mV. (Inset) Event translocation time (tD) histogram at 250 mV constructed from n = 1119 separate λ-DNA transport events. Mean tD = 2.66 ± 4.08 ms at 250 mV, confirming voltage-dependent DNA transport through the nanopore. [56] 
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3.3 Detection of DNA Protein Complexes 
To study the transport of protein-coated DNA molecules through a nanopore, we use 
recombination protein A, which is known to form stable nucleoprotein filaments on double-
stranded DNA in the presence of magnesium and ATPγS. [23] This model protein plays a central 
role in homologous recombination and DNA repair in prokaryotes. RecA-coated DNA molecules 
were prepared and provided by NABsys (Providence, RI, USA) using a process documented 
previously. The transport of this protein–DNA complex through a graphene-Al2O3 nanopore 
should induce significantly deeper current blockades relative to native dsDNA, as the effective 
diameter of this nucleoprotein filament is 7.5 ± 0.5 nm. Figure  9a shows nanopore current versus 
time for the transport of 8 kbp long RecA-coated dsDNA molecules through a 23 nm diameter 
graphene-Al2O3 nanopore in 1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8 electrolyte at an applied 
voltage of 500 mV. Deep current blockades were observed during the translocation of the 
nucleoprotein filament through the pore with significantly higher signal-to-noise ratio (SNR) 
relative to native dsDNA. Figure 9b shows an event density plot of current blockage versus 
translocation time (tD) constructed from 1368 individual RecA-related translocation events; the 
corresponding event amplitude histogram is shown in Figure 9c. Two categories of transport 
events are clearly distinguishable: fast, low-amplitude events corresponding to the transport of 
unbound or free RecA protein as previously shown in SiN nanopores, [23] and slower, higher 
amplitude current blockage events corresponding to the transport of single RecA-coated DNA 
molecules. The translocation time scales for the two event categories described are consistent with 
that reported in RecA-DNA translocation experiments in SiN nanopores. [112] Interestingly, a 
third high-amplitude peak at a current blockage value of ∼18 nA is also observed in Figure 9c. 
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This may correspond to the simultaneous transport of multiple RecA-coated DNA molecules 
through the nanopore. 
 
Figure 9. RecA-coated DNA transport. (a) Sample current traces showing the transport of RecA-coated dsDNA through a 23 nm diameter graphene-Al2O3 nanopore at an applied voltage of 500 mV in 1 M KCl, 10 mM Tris, 1 mM EDTA, pH 8 electrolyte. The baseline current level is given by IBL, and each downward spike corresponds to the transport of either free RecA protein or single/multiple RecA-coated DNA molecules through the pore. (Inset) TEM image of the nanopore; scale bar is 10 nm. (b) Event density plot constructed from 1368 translocation events, showing current blockage versus translocation time (tD) at 500 mV applied bias. Color bar represents number of events. (c) Current blockage histogram at 500 mV. Three distinct peaks are observed with Gaussian fits representing the transport of unbound RecA protein, single RecA-coated DNA molecules, and simultaneous transport of multiple RecA-coated DNA molecules. [56] 
These results confirm the ability to detect protein-bound DNA complexes using a multilayered 
graphene-Al2O3 nanopore. Coating dsDNA with a highly stable protein such as RecA significantly 
improves the SNR of the sensor and affords the flexibility of working with larger 25–30 nm pores, 
which can be mass-produced using electron beam or nanoimprint lithography.  
3.4 Chapter Summary 
In summary, this chapter presents the development of a multilayered graphene-Al2O3 nanopore 
platform for the sensitive detection of DNA and DNA–protein complexes at the single-molecule 
level. The architecture described here is mechanically robust, exhibits low electrical noise and 
allows for the biasing of embedded graphene layers for three-terminal nanopore measurements. 
Single-molecule transport studies through graphene-Al2O3 nanopores successfully resolved the 
folded and unfolded translocation of λ-DNA in addition to the transport of RecA-coated DNA, the 
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protein–DNA complex exhibiting significantly deeper ionic current blockades relative to native 
dsDNA. The robustness and versatility of this architecture gives rise to many interesting future 
studies. The possibility of regulating ionic current and DNA translocation velocity using a three-
terminal nanopore architecture with an embedded, atomically thin graphene gate is particularly 
intriguing, as high DNA translocation velocities currently limit the utility of solid-state nanopores 
in DNA sequencing applications. Other exciting possibilities also exist including the fabrication 
of graphene ribbons and nanogaps in the graphene device layer (g2), enabling the development of 
novel nanopore structures and sensing modalities. 
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CHAPTER 4 
ELECTROCHEMISTRY AT GRAPHEN EDGES IN 
A NANOPORE 
In this chapter we build on our previous study on stacked graphene-Al2O3 nanopore structures. We 
use the embedded graphene electrode to study the electrochemistry of single layer graphene edges 
using a nanopore-based structure consisting of stacked graphene and Al2O3 dielectric layers. 
Nanopores, with diameters ranging from 5 to 20 nm, are formed by an electron beam sculpting 
process on the stacked layers. This leads to unique edge structure which, along with the atomically 
thin nature of the embedded graphene electrode, demonstrates electrochemical current densities as 
high as 1.2 × 104 A/cm2. The graphene edge embedded structure offers a unique capability to study 
the electrochemical exchange at an individual graphene edge, isolated from the basal plane 
electrochemical activity. We also report ionic current modulation in the nanopore by biasing the 
embedded graphene terminal with respect to the electrodes in the fluid. The high electrochemical 
specific current density for a graphene nanopore-based device can have many applications in 
sensitive chemical and biological sensing, and energy storage devices. 
4.1 Introduction to Graphene Electrochemistry 
Studies on graphene electrochemistry have suggested the ability of graphene based electrodes to 
carry a large amount of current at electron transfer rates superior to graphite and carbon nanotube 
(CNT) electrodes. [113] The relative abundance of carbon on earth combined with widespread 
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knowledge of carbon-based chemistries and stability makes the study of graphene based 
electrochemistry extremely exciting. [113-115] 
Graphene is a single atom thick sheet of sp2 hybridized carbon atoms arranged in a honeycomb 
lattice structure. A graphene sheet has two types of electron transfer sites – edge and basal. Edge 
sites have already been demonstrated to possess enhanced electron transport rates and reactivity in 
studies of CNT ends. [116] Graphene has a higher theoretical specific surface area (2630 m2/g) 
than graphite and CNTs (1315 m2/g) and provides motivation for study of heterogeneous electron 
transfer rates. [115] In addition, graphene can carry significant current densities without 
degradation from electro-migration which typically causes significant damage in ultrathin metal 
films. [104] Current densities as high as 2 × 109 A/cm2 have been reported for nanoscale 
interconnects based on graphene grown by chemical vapour deposition (CVD). [117] The graphene 
edge plane atoms have been reported to have significantly higher electron transfer rate compared 
to basal planes in electrochemical studies on both highly ordered pyrolytic graphite as well as on 
multiple layers of graphene. [61] Graphene modified glassy carbon electrodes have been reported 
to have much greater electrochemical response, than unadulterated glassy carbon electrodes, to 
molecules like paracetamol, hydrazine, glucose, ethanol dopamine as well as heavy metals. [114, 
115] Zhou et.al. [62] demonstrated the ability of chemically reduced graphene oxide electrodes to 
distinguish the electrochemical current signal from the four bases of DNA, which could not be 
distinguished with graphite and glassy carbon electrodes. Another important application of 
graphene electrochemistry is in energy storage devices. The specific capacitance of chemically 
modified graphene was found to be up to 1352 F/g, [113] and extremely high energy densities up 
to 85.6 Wh/kg at room temperature have been reported. [118, 119] Furthermore, graphene and 
hybrid graphene based electrodes have been used to increase specific capacities of Li+ ion based 
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batteries, improving power density and cyclic performance, while maintaining mechanical 
integrity at high current densities. [120] Despite extensive studies on graphene sheets and graphene 
doped electrodes, the electrochemical properties of isolated graphene edges remain relatively 
unexplored. In this study, we fabricate GEENs in stacked graphene and dielectric layers using a 
focused electron beam in a TEM (200 keV), and measure the electrochemical current exchange at 
the graphene edge embedded within the nanopore. The top Al2O3 dielectric layer isolates the 
electrochemical basal plane activity. 
4.2 Fabrication of Stacked Structures and Leakage Studies 
The fabrication process follows up from the last chapter. The schematic of our test GEEN 
structures is shown in Figure 11a. The fabrication process is further described in Figure 11b-e. 
Initially, a suspended hydrophilic supporting membrane of stacked layers of 50 nm Al2O3, 200 nm 
SiNx and 50 nm Al2O3 is fabricated using deep reactive ion etching (DRIE). Subsequently, a hole 
of 300 ± 40 nm is formed in the supporting membrane using a focused ion beam (FIB) (Figure 
11b). The graphene – Al2O3 stack is then formed on the supporting membrane with the FIB hole 
by transferring graphene films grown by CVD. We note that the hydrophilic nature of the 
supporting membrane helps spread the water more evenly during the graphene transfer steps and 
improves the smoothness of the transferred graphene/PMMA stack. [121] The Raman 
spectroscopy maps of the graphene 2D to G peak intensity ratios (I2D/IG) (Figure 11g) shows our 
growth process results in a mix of monolayer and bilayer graphene, similar to our previous work. 
The first graphene layer (G1) in our stack spans the FIB hole and acts as a mechanical support for 
deposition of the subsequent graphene and dielectric layers of our architecture. We note that 
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subsequent to the graphene transfers, the membranes are annealed in an Ar/H2 atmosphere at 400 
°C to remove PMMA residue remnant from the transfer process. [109]  
To ensure uniform nucleation of the subsequent Al2O3 deposition (D1) onto the chemically inert 
graphene basal planes, a metallic seed layer of Al (2 nm thick) is evaporated onto the graphene. 
[110] The SEM images (Figure 10) clearly show dense and uniform deposition of the dielectric 
due to the presence of the seed layer as compared to dielectric deposition without the Al seed layer. 
ALD is chosen as it offers sub nano-meter control over dielectric thickness in addition to being a 
conformal deposition technique and a low temperature process, making it compatible with the 
previously transferred graphene layers. The thickness of the dielectric deposited is 24 nm, a value 
established through extensive leakage testing in fluidic environments (Figure 11). Similar 
thicknesses of dielectric have been reported to provide effective isolation in ionic fluid 
environments in transistor based devices. [31, 122] A second graphene layer (G2) is transferred 
onto D1 and annealed in an Ar/H2 atmosphere. This layer is contacted using Ti/Au contacts and 
insulated by depositing another 24 nm of Al2O3 (D2) as described above.  
 
Figure 10. SEM images displaying the effect of aluminum seed layer on ALD of Al2O3 on graphene. (a) SEM of typical graphene film before Al2O3 deposition (b) 24 nm of ALD Al2O3 on graphene without seed layer. Dark spots indicate uncoated areas on graphene. The dielectric cannot nucleate on those spots due to the chemical inertness of graphene. (c) Al2O3 deposition with 2nm of Al seed layer. Much more uniform coverage of Al2O3 is achieved due to significantly enhanced nucleation sites. [45] 
 
55  
 
Figure 11. Schematic diagram of graphene-embedded stacked membrane structure and fabrication. (a) Schematic showing the thickness of each layer as well as diameters of RIE, FIB and nanopore holes (b) Supporting membrane consists of three layers of 50 nm of Al2O3, 200 nm of SiNx and 50 nm of Al2O3, deposited on 300 µm-thick double polished prime Si wafer. RIE is used to etch 80 µm-wide opening in Si wafer to supporting membrane and 300 nm through hole is fabricated in supporting membrane by FIB. (c) First graphene layer transferred onto the FIB hole acts as the support for subsequent layers. This is insulated from the second graphene layer by 24 nm of Al2O3 deposition. Second graphene layer, which is the active electrode at the middle of membrane, is transferred onto first Al2O3 layer. Ti/Au deposition enables the formation of contacts. A further layer of Al2O3 is deposited to insulate the electrode from the ionic solution. (d) Final structure of graphene embedded membrane suspended on 300 nm FIB hole. (e) Focused electron beam (CBED mode) in TEM is used to fabricate a single nanopore of 5 to 20 nm diameter. (f) TEM image of FIB hole of 300 nm diameter in supporting membrane. (g) Raman spectroscopy of I2D / IG obtained from graphene surface indicating predominantly monolayer coverage. (h) AFM image of membrane surface. Roughness (Ra = 1.89 ± 0.67 nm) is significantly reduced on deposition of Al2O3 on graphene compared to bare graphene surface (Ra = 0.84 ± 0.21 nm). (i) 5nm nanopore is fabricated by convergent electron beam in TEM. [45] 
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To explore the electrochemical current exchange at the graphene nanopore edges, it is essential to 
eliminate current exchange at the basal plane from affecting our measurements. In the embedded 
graphene membrane, the parasitic leakage current from gate to source and gate to drain (indicated 
in Figure 11a) could adversely affect our experimental values. The active device area exposed to 
fluid on the backside (gate-source path) is just the area exposed to the FIB hole of 300 nm. This 
area is insulated from the fluid by the 24 nm Al2O3 under the graphene gate electrode. The rest of 
the graphene is well insulated by a total thickness of 300nm of stacked Al2O3 and SiNx layers of 
the supporting membrane structure. On the gate-drain path the entire encapsulated graphene sheet 
is shielded from the fluid by just the top layer of 24 nm Al2O3. The fluid area exposed at the top 
layer corresponds to the area exposed by the o-rings (diameter = 1.42 mm) used to seal the fluidic 
setup. To mimic our device structure and characterize leakage through the top dielectric, we 
fabricated the device as shown in Figure 12a. We compared the leakage current through different 
thicknesses of Al2O3 deposited on a bare conductive silicon wafer and Al2O3 deposited on a 
graphene sheet transferred onto an Al2O3 coated (on Si wafer) top surface, similar to the D1/G2/D2 
stack of our actual devices. The ALD dielectric deposition of Al2O3 on graphene is preceded by 
the seed layer Al (~ 2 nm thick) evaporation as described previously. The leakage is measured by 
attaching a PDMS well (2.75 mm in diameter) on top of the device to hold the fluid. The current 
is measured between the graphene electrode and Ag/AgCl electrode dipped in the electrolyte fluid. 
All leakage measurements were performed with a 1 M KCl solution. The conductive silicon and 
the graphene electrode are connected to ground in all measurements. 
The leakage densities observed are presented on a logarithmic scale (absolute value) in Figure 12 
b-c. On the bare silicon wafer, a slight asymmetry was observed in the I-V characteristics. For a 
positive Ag/AgCl electrode voltage a higher leakage current density was observed through the 
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dielectric. The leakage current density reduces from -0.2 to -0.001 nA/mm2 at -500 mV, as the 
dielectric thickness is increased from 4 to 16 nm. Comparing these values to leakage currents on 
samples with the dielectric deposited on graphene we can see a significant increase in the leakage 
current of the latter (Figure 12c).  
 
Figure 12. Leakage test on various thickness of Al2O3. (a-top) Schematics showing leakage measurement setup for Al2O3 on p++ Silicon (ρ < 5 mΩ-cm). Al2O3 of thickness 4 to 16 nm were deposited on the conductive Si wafer. Measurements are conducted with one electrode connected to Si wafer and the other attached to Ag/AgCl electrode in the solution (a-bottom) Schematic of leakage measurement setup for Al2O3 on graphene transferred onto Si surface with Al2O3 deposited on top. Al2O3 thickness in range of 14 to 24 nm is deposited on graphene (Rsh ≈ 6.7 kΩ/sq)  transferred on Si wafer with a ALD deposited Al2O3 top surface. Measurements are conducted between the graphene film contacted with aluminium wires and the solution contacted with Ag/AgCl electrodes. All leakage experiments are performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6 and at room temperature (22 ± 2 °C). (b) Leakage current density measured for Al2O3 on conductive Silicon. Al2O3 thickness less than 10 nm showed leakage current greater than 1 nA/mm2 at 500 mV, but thicker Al2O3 (>10 nm) showed much greater insulation over the voltage range of -500 mV to +500 mV. (c) Leakage current density for Al2O3 deposited on graphene. Leakage current is observed to be fairly high up to 20 nm-thick Al2O3. Also the leakage is significantly higher for positive voltage at Ag/AgCl electrode. 24 nm-thick Al2O3 displays decent insulation from leakage. Current leakage occurrence at relative thicker Al2O3 deposited on graphene is associated with wrinkles on graphene. [45] 
The electrochemical exchange at the dielectric-electrolyte interface has been reported in 
electrolyte-oxide-silicon (EOS) devices. [123] Since the leakage current is high at positive 
electrode voltages, this could indicate electron tunnelling through the pinholes in the dielectric, 
similar to those reported in TiO2 coated CVD graphene membranes. [53] On the other hand, at 
negative electrode voltages the leakage currents are significantly suppressed in the voltage range 
from 0 to -500 mV. Increasing the dielectric thickness from 14 to 24 nm decreases the leakage 
current density from -0.2 to -0.02 nA/mm2. For a 2.75 mm diameter PDMS well, that translates to 
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a current of about 118.7 pA. Since the ionic current through the nanopore is usually in the range 
of nanoamperes, at least one order of magnitude lower leakage current is essential to maintain 
reliability of our electrochemical current measurements and to have gate current independent from 
interference due to leakages. Therefore, we use only the negative voltage range (0 to -500 mV) in 
our nanopore measurements to minimize and avoid leakage across D2. 
4.3 Electrochemical Studies of Graphene Edge 
On settling upon a dielectric thickness of 24 nm, nanopores are drilled in this stacked structure 
using convergent beam electron diffraction (CBED) mode in a TEM. We fabricated four different 
pore diameters (5, 9, 14, 20 nm) for our test structures. For a 5nm pore, the beam sputters through 
the membrane in about 30s. For larger pores, sculpting is needed by moving the beam on the edges 
of the pore to expand it. Control is achieved by in-situ monitoring of the nanopore dimension with 
imaging. Since TEM provides angstrom level precision we believe the nanopore dimensions are 
accurate within a tolerance of 1nm. Prior to assembly in the fluidic setup the backside (silicon 
trench side) (Figure 11a) is O2 plasma treated to make the pore hydrophilic to facilitate wetting. 
[53, 56] The top graphene layer (G2) is contacted and the chip is encapsulated in a custom built 
fluidic setup. Ethanol is then flushed into both chambers to promote wetting as reported in previous 
nanopore studies. [54] The ethanol is flushed away repeatedly with de-ionized (DI) water and the 
desired buffer solution is inserted into both chambers. 
The schematics of drain-source, drain-gate and source-gate measurements are shown in Fig. 3a. 
An external resistor of 20 MΩ is placed in series with graphene. This helps ensure our graphene 
current measurements are not significantly affected by leakage. At 500 mV a 20 MΩ resistor 
conducts 25 nA of current. Since the currents observed are much less it indicates the 
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electrochemical resistance at the graphene edge terminal is much higher and determines current in 
the series circuit. For a 1 M KCl solution used in these measurements, the drain-source 
conductance exhibits a squared dependence [29] with pore diameter as indicated in Figure 13c. 
The current values for the different pore diameters also seem to be in good agreement with our 
previous work on similar structures. [56] For the source-gate and drain-gate measurements, the 
graphene gate is always connected to ground to maintain a positive voltage with respect to source 
or drain and ensure minimal leakage in accordance to our leakage measurements as described 
earlier. This is indicated in the I-V curves for a 5 nm pore showed in Figure 13b. The drain-gate 
and source-gate conductance is also plotted in Figure 13c and is observed to be nearly identical for 
each of the four different pores diameters, indicating that the measured current is indeed only 
through the electrochemical exchange at the graphene terminal and the leakage contribution to 
these measurements on the drain side is indeed negligible. The o-rings used in these experiments 
are approximately 1.42 ± 0.1 mm in diameter. Based on the leakage measurements, for a 24 nm 
thick Al2O3 insulation layer, the maximum contribution of leakage at drain/source at potential of -
500 mV should be approximately 30 pA, which is about two orders of magnitude less than the 
currents observed in these measurements.  This is further confirmed by similar measurements in 
the same structure without a nanopore as currents in the range of 10 to 20 pA are observed across 
all three terminals. Furthermore, the conductance through the graphene terminal scales fairly 
linearly with pore diameter as seen in Figure 13c. The slight variation from the linear dependence 
can be explained from the varying graphene sheet thickness (Figure 11b) over the membrane, 
which affects pore sidewall area, since the pore region could consist of a mixture of mono and bi-
layer graphene. Nonetheless, we do see an increase of conductance from 5 to 15 nS as the pore 
diameter is increased from 5 to 20 nm. This is expected and indeed proves that this current is due 
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to electrochemical exchange on the cylindrical pore sidewalls. The applied voltages maximum is 
500mV which indicates a maximum field of 0.1MV/cm far less than the breakdown field of 4-5 
MV/cm reported for Al2O3.   
 
Figure 13. Electrochemical measurements for embedded graphene nanoelectrode. (a) Schematic diagram of measurement setup. For the drain-source measurement (gray), source is connected to ground and voltage applied at the drain. For drain-gate (red) and drain-source (blue) measurements, the gate is connected to ground and voltage is applied to the other terminal. (b) Current-voltage curve of nanopore ionic current and electrochemical behavior of graphene edge through 5 nm nanopore. Identical currents through the drain-gate and source-gate pathways indicate electrochemical exchange at the exposed graphene edge. (c) Conductance dependence on pore diameter. Drain-source conductance shows a square dependence on pore diameter, while gate current exchange shows a fairly linear dependence on pore diameter consistent with electrochemical exchange at cylindrical nanopore wall. The slight variation from linear dependence is may be attributed to varying graphene sheet thickness on various regions of the membrane. 5, 9, 14 and 20 nm diameter nanopores were used in this study. All experiments are performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6. [45] 
 
From the current values of electrochemical exchange at the 5nm pore edge, (Figure 13b) and 
assuming a predominantly monolayer coverage of graphene, we calculate a current density of up 
to 1.2 × 104 A/cm2 at a drain voltage of -200mV. This current density is three orders of magnitude 
higher than electrochemical current densities reported for oxygen reduction on CNT electrodes.124 
From electrochemistry studies on basal planes of individual monolayer sheets for CVD-grown 
graphene reported by Li et.al., [125] a current density of about 6 × 10-8 A/cm2 is obtained. Thus a 
significant electrochemical current enhancement is observed using individual graphene edges as 
the active electrode material. Furthermore, we simulated the concentration of H+ and Cl- ions at 
the nanopore (details in the simulation section in our publication) [45] and the Cl- ions are 
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significantly higher in number. Thus, all redox couples based on H+/OH- ions can safely be ignored 
as it is highly unlikely they can contribute to such high currents. Thus, we conclude that the 
reaction at the positive graphene electrode (anode) edge is the oxidation of Cl- ions. The 
equilibrium oxidation potential for this reaction at room temperature is -1.36 V. [126] However 
surface treatments enhancing the number of possible adsorption sites in diamond electrodes have 
been reported to lower the potential of chloride oxidation by as much as 0.5 V. [127] A similar 
mechanism might explain high electron transfer rates observed on graphene edges at low voltages. 
Electrochemical studies on graphite edges have exhibited extremely high electrochemical reaction 
rates. [61, 128] Fast electron transfer kinetics reported on CNTs are also attributed to tube ends, 
identified as the reactive sites. [116, 124, 129] For GEENs we expect all sites at the nanopore edge 
to be damaged. Girit et.al. [64] reported TEM drilled graphene nanopores which reconstruct and 
eventually exhibit a zigzag edge configuration due to its higher stability. For a graphene 
nanoribbon with zigzag edges, a large peak in the density of states is observed at the edges, [91, 
130] as confirmed by Scanning tunnelling microscopy (STM) studies. [131] An enhancement in 
the density of states at the graphene nanopore edges of our architecture may have a direct effect in 
enabling the high electrochemical current densities observed in our measurements. 
We note an electrochemical reaction consists of mass transport of the reactive species to the 
electrode surface and electron exchange at the electrode surface. [132] Since the dominant 
electrochemical exchange in our measurements occurs at the damaged graphene nanopore edges, 
it would appear that the electron exchange is not the rate limiting step. Diffusion limited 
electrochemical systems operate in the linear diffusion regime. For linear diffusion based systems, 
i.e. when the electro-active length is ≈ comparable to the diffusion layer thickness, the reaction is 
diffusion limited and the peak current pi  is given by the Randles-Sevcik equation: [116] 
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                                                                      3 1 15 2 2 22.69 10pi n ACD v                                                                  (4) 
where, n  is the number of moles of electrons transferred in the reaction, A  is the area of the 
electrode (cm2), C  is the analyte concentration (in moles/cm3), D  is the diffusion coefficient 
(cm2/s) , and v  is the scan rate (V/s) of the applied potential. For a chloride ion oxidation reaction 
n is assumed to be 1. The active area of the electrode is the cylindrical pore area, which for a 5 nm 
pore, is calculated to be 9.4 × 10-14 cm2. The concentration is taken as 10-3 mol/cm3 and the 
diffusion coefficient of Cl- is taken as 1.5 × 10-5 cm2/s. [42] For a 5nm pore and a scan rate of 100 
mV/10 s the peak current by the above equation gives pi  = 9.6 × 10-7 nA, which is much smaller 
than observed current. Thus the reaction is not diffusion limited. It should be noted that our 
electrode size is in nanometers and is much smaller than the diffusion layer thickness (usually of 
the order of 23.8 10Dt   cm), [133] where t  is the time period of each scan) and hence 
convergent diffusion effects are significant. For microelectrodes, convergent diffusion leads to 
significantly higher mass transport and thus higher current densities. [116] We believe that with 
the graphene nanoelectrodes used in our experiments, this effect would be exacerbated. 
Furthermore, the local concentration of the electro-active species (Cl-) is much higher and a 
threefold increase has been reported when compared to microelectrodes of same electro-active 
area. This increase in concentration is in the vicinity of the nanopore as compared to the bulk 
solution, also results in faster mass transport, [134] contributing to the large current densities 
measured in our GEEN structures. Our simulations report local (nanopore edge) concentration of 
Cl- as high as 8.5 M for bulk KCl concentration of 1 M (details in publication). [45] 
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Figure 14. Three terminal measurement for the graphene embedded membrane. (a) Schematic diagram with source connected to ground while voltage is swept at the drain and gate terminals. (b) and (d) Gate current characteristics for 1 M KCl and 10 mM KCl respectively. The variation of gate current with gate source bias as drain voltage is varied is shown. The scatter points are experimental numbers while the straight lines are simulation fits. (c) and (e) Drain current characteristics for 1 M KCl and 10 mM KCl solution respectively. The variation of drain current with drain source bias as gate voltage is varied is recorded. Both solutions are prepared with 10 mM Tris and 1 mM EDTA for buffering at pH 7.6. [45] 
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4.4 Ionic Current Modulation by Embedded Electrode 
We further investigate the use of our structure as a 3 terminal device analogous to a transistor (Fig. 
4a). The source terminal is always connected to ground in these measurements. The source current 
can be obtained by Kirchhoff’s law 
                                                                              d g sI I I                                                                                     (5) 
where, dI , gI  and sI are the drain, gate and source currents respectively. In accordance with our 
leakage results, the drain is always kept at a negative potential with respect to the gate for minimal 
interference from leakage. The graphene gate current characteristics (Ig vs. Vgs) for a 5 nm pore in 
1 M KCl solution are shown in Figure 14b. A shift in the gate current values is observed as the 
drain voltage is swept from 0 to -500 mV at a sweep rate of 100 mV/10 s (step function). Numerical 
simulations are used to explain gate current characteristics (details in publication). [45] The Ig 
dependence on Vgs and Vds voltage is estimated by an exponential function. This equation is 
coupled with the Poisson-Nernst-Plank equation and the Grahame equation and solved 
simultaneously to obtain both gate and drain current values. Figure 14c shows the Id vs Vgs 
characteristics. As expected, a shift in the Id is seen as Vgs is swept. The simulation results are in 
good agreement with the experimental data at 1 M KCl.  
Further confirmation of observation of graphene edge currents is obtained by repeating these 
measurements for three more pores of 9, 15 and 20 nm diameters (Figure 15a). Since the measured 
currents are due to electrochemical exchange at the pore walls, the active area is cylindrical. Thus 
linear dependence of Ig on pore diameter is expected. We previously noted this in our two- terminal 
measurements for currents due to electrochemical exchange at graphene electrodes (Figure 13c). 
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At 1 M KCl buffer solution the Ig values at two different Vds (0 and -200 mV) are shown in Fig. 
5e and 5f, respectively, for Vgs swept between 0 to +500 mV.  The simulated values (solid lines) 
show excellent agreement with experimental data (symbols) for all four pore diameters. We see a 
four-fold increase in the Ig value as the pore size is increased from 5 to 20 nm.  
 
Figure 15. Gate current dependence on pore diameter (a) TEM images of nanopores of four different diameters (5, 9, 14, 20 nm) nanopores drilled through an embedded graphene membrane. (b) Schematic diagram of electrochemistry. The positive gate bias leads to attraction of chloride ions to the nanopore and expulsion of potassium ions. Red dots and arrows represent potassium ions while blue dots and arrows are for chloride ions. (c-f) Scaling of gate current with pore size at drain bias of 0 and -200 mV for 4 different pore diameters. (c), (d) Gate current dependence on pore diameter using 10 mM KCl solution. Linear dependence on pore diameter is observed over gate bias ranging from 0 to +500 mV for both drain bias values. (e), (f) Gate current dependence on pore diameter using 1 M KCl solution. Similar linear dependence on pore diameter is observed entire voltage range. The scatter points are experimental numbers while the straight lines are simulation fits. Both solutions are prepared with 10 mM Tris and 1 mM EDTA for buffering at pH 7.6. [45]  
 
Similar experiments were repeated in the 10 mM KCl solution. The (Ig vs. Vgs) and (Id vs. Vds) 
characteristics show a similar shift as expected (Figure 14d and 14e). The simulation results (solid 
lines in both graphs) are in good agreement with the experimental results, although in this case the 
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fitting parameters are altered for a 5 nm pore since the pore diameter is smaller than the Debye 
layer thickness. [135] The Ig values do not scale linearly with concentration and this is attributed 
to enhanced ionic flux in the vicinity of the nanopore as shown in the simulations. The pore 
diameter dependence measurements in 10 mM KCl for all four pore diameters show fairly good 
agreement with simulated results and a linear increase of I g with pore diameter is displayed (Figure 
15c and Figure 15d).  
4.5 Chapter Summary 
In summary, we present the investigation of electrochemical current exchange at a CVD-grown 
graphene edges within a nanopore. We demonstrated the ability of our graphene embedded 
nanopore structures to study electrochemistry at individual graphene layers in isolation from 
contribution from basal planes. We observed electrochemical current densities on the order of 104 
A/cm2, three orders of magnitude higher than those reported for carbon nanotubes and much higher 
than those reported for graphene surface electrochemical studies. The high currents are attributed 
to a combination of the nanopore edge structures produced by electron beam sculpting along with 
the convergent diffusion mechanisms due to nanosized electrodes, which have been reported to 
enhance ionic flux of reactive species. We also demonstrated the modulation of ionic current by 
the use of the embedded conductive graphene terminal. Numerical simulations were performed to 
confirm the transistor like characteristics of the device. Extremely high electrochemical current 
densities have exciting applications for both chemical and biological sensing as well as energy 
storage. Scaling of these structures by producing arrays of nanopores could enable multiple 
applications. 
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CHAPTER 5 
SLOWING DNA TRANSPORT USING 
GRAPHENE–DNA INTERACTIONS 
Slowing down DNA translocation speed in a nanopore is essential to ensuring reliable resolution 
of individual bases. Thin membrane materials enhance spatial resolution but simultaneously 
reduce the temporal resolution as the molecules translocate far too quickly. In this chapter, we use 
the embedded graphene layers in our structure to examine the effect of exposed graphene layers 
on the transport dynamics of both single (ssDNA) and double-stranded DNA (dsDNA) through 
nanopores. Nanopore devices with various combinations of graphene and Al2O3 dielectric layers 
in stacked membrane structures are fabricated. We report slow translocations of ssDNA in 
nanopores drilled in membranes with layers of graphene. The increased hydrophobic interactions 
between the ssDNA and the graphene layers could explain this phenomenon. Further confirmation 
of the hydrophobic origins of these interactions is obtained through reporting significantly faster 
translocations of dsDNA through these graphene layered membranes.  Molecular Dynamics (MD) 
simulations confirm the preferential interactions of DNA with the graphene layers as compared to 
the dielectric layer verifying the experimental findings. Based on our findings, we propose that the 
integration of multiple stacked graphene layers could slow down DNA enough to enable the 
identification of nucleobases. 
5.1 Chapter introduction 
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In chapter 2 the issues with temporal resolution of nanopore measurement were addressed and 
various methods adopted to slow DNA translocation in solid state nanopores was discussed. One 
of the studies indicated the potential for DNA-graphene hydrophobic interactions to induce ssDNA 
translocations in single-nucleotide steps. [58, 136] ssDNA translocation experiments with 
standalone graphene membranes have been demonstrated by coating the graphene surface with a 
hydrophilic layer [57] or by performing the experiments at highly alkaline pH, which significantly 
reduce DNA-graphene interactions. [55] Our experiments are performed at a lower pH value (pH 
= 7.6) which enhances DNA adsorption on graphene [137] and is the first demonstration of the 
effect of DNA-graphene interactions on DNA translocation. In the previous chapters the 
fabrication of nanopores in stacked layers of graphene and Al2O3 was demonstrated translocation 
of DNA molecules. The bottom graphene layer was used primarily as the supporting base. In this 
study, we add functionality to the structure by using the hydrophobic interactions between single 
or multiple graphene layers and ssDNA molecules to slow DNA transport. We compare 
translocation properties of the stacked graphene structures with a membrane made of Al2O3, a 
dielectric with a highly charged surface that binds to DNA through electrostatic interactions. [25] 
A significant reduction in translocation speed of ssDNA is observed in membranes with single or 
multiple graphene layers integrated when compared to the standalone dielectric membranes. In 
addition, the translocation of dsDNA through our stacked graphene-dielectric-graphene structure 
demonstrates significantly reduced interactions between dsDNA molecules and graphene, which 
is manifested in much faster dsDNA translocation speed.  
5.2 Fabrication of Test Structures 
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The fabrication of supporting the membrane structures and subsequent formation of stacked layers 
of graphene and Al2O3 dielectrics builds from the protocols established in the previous chapters. 
In this study we fabricate structures to study and compare the effects of exposed graphene layers 
on DNA transport speed. The supporting membrane structures consist of stacked layers of 50 nm 
Al2O3, 200 nm SiNx and 10 nm Al2O3 fabricated using deep reactive ion etching (DRIE). A 300 
nm diameter hole is drilled using FIB onto these freely suspended membranes. Figure 16A shows 
the schematic for the graphene-dielectric-graphene membrane. The first graphene layer is 
transferred onto the FIB drilled hole in the supporting membrane structure and covers the entire 
hole forming a freely suspended graphene sheet. Then we deposit 2 nm of Al which acts as the 
seed layer for the subsequent deposition of 24 nm of Al2O3 on graphene using atomic layer 
deposition (ALD). The thickness of dielectric is established based on our leakage studies with a 
similar structure and has been kept constant across all the structures described in this chapter. 
Another layer of graphene is transferred on top of the dielectric layer. The schematic of the 
membrane structure (Figure 16A) shows the thickness of the various layers. The ssDNA molecules 
is expected to adhere to the graphene layers on both sides of the membrane. To understand the 
effects of DNA-graphene interactions on DNA translocation properties, two additional membrane 
structures are studied. Figure 16B shows the graphene-dielectric structure, where the same process 
as described above is used for sequential transfer of graphene followed by Al2O3 deposition, 
leaving only one graphene layer for the translocating DNA molecule to interact with. Finally 
Figure 16C (i-iv) shows our process to fabricate a purely dielectric membrane.  
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Figure 16. Schematic of the membrane structures whose DNA interaction and translocation properties are compared in this study. A) (i) Sequential transfer of graphene followed by atomic layer deposition (ALD) of 24 nm Al2O3 is followed by another graphene layer transfer. (ii) The nanopore region is magnified and dimensions of the dielectric layer are indicated. (iii) IV curve for an approx. 3.5 nm pore in a graphene-dielectric-graphene membrane. (iv) TEM image of the nanopore. B) (i) Graphene transfer was followed by ALD deposition of Al2O3. (ii) The nanopore region is magnified. (iii) Open pore IV curve for an approx. 4 nm pore in a graphene-dielectric membrane. (iv) TEM image of the nanopore. C) ((i)-(iv)) Graphene transfer was followed by ALD deposition of Al2O3. Reactive ion etching in an oxygen plasma environment is then used to etch the exposed graphene leaving only the oxide layer. (v) The nanopore region is magnified. (vi) Open pore IV curve for an approx. 3.3 nm pore in a dielectric membrane. (vii) TEM image of nanopore. The nanopore diameters (scale bar 5 nm) are comparable and the ionic conductivity is almost similar in all three cases, essential for direct comparison of DNA translocation properties. All experiments were done in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6. 100nt ssDNA is threaded from source to drain as indicated for all the cases studied here. [51] 
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Firstly, a sacrificial graphene layer is transferred on the FIB-drilled hole, which acts as the support 
for the deposition of the Al2O3 dielectric layer on top. Subsequently the backside trench (drain) of 
the device is exposed to an oxygen plasma process. The process removes all the exposed graphene 
on the 300 nm hole area drilled by FIB. After oxygen plasma processing, the nanopore is drilled 
in this membrane. As a result the translocating DNA strand can only interact with the dielectric 
layer as there is no exposed graphene in the pore region.  
5.3 ssDNA Translocation Experiments 
Nanopores are drilled using convergent beam electron diffraction (CBED) mode in a transmission 
electron microscope (TEM). Subsequently the chips are assembled in a custom-built fluidic setup 
and then buffer solution of 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6 is inserted in both the 
chambers. Open-pore conductance curves for all nanopores compared in this study show fairly 
similar conductivity (Figure 16). Since our CVD-grown graphene has been demonstrated to be 
mostly monolayer or bilayer thick [45] we do not expect a significant difference in nanopore length 
and conductivity across all three membrane structures. [29] Upon introduction of 100nt ssDNA 
molecules, current blockades are observed. In all the three structures shown in Figure 16, the DNA 
is threaded from the topside (source) to the backside trench (drain). Translocation data at 
transmembrane voltage of 300 mV (drain with respect to source) for all three membrane structures 
is presented in Figure 17. Figure 17A-C shows sample current traces for typical events for 
nanopores in graphene-dielectric-graphene, graphene-dielectric and dielectric membrane systems 
respectively. The translocation histograms for each corresponding case are presented to the right 
of sample traces (Figure 17D-F). A mono-exponential decay function is fitted to the dwell time 
distribution and the mean values for translocation time is indicated next to the histograms. We see 
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a slight increase in the observed translocation time when graphene layer is present on both sides 
of the membrane as we expect the DNA to stick to the graphene. ssDNA can stretch under the 
influence of the electrical field giving lengths up to 0.6 nm per base.138 Given the thickness of the 
membrane, the DNA strand is expected to interact with only one graphene layer at a time during 
translocation for the graphene-dielectric-graphene membranes (Figure 18). This might explain the 
minor variation in dwell time observed while comparing translocation characteristics of nanopores 
in graphene-dielectric-graphene and graphene-dielectric membranes. 
 
Figure 17. Experiments indicating the effect of graphene layers in slowing ssDNA translocation. A-C) Sample current blockades for 100nt ssDNA for each membrane system of graphene-dielectric-graphene, graphene-dielectric and dielectric respectively. All experiments were performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6 and a transmembrane voltage of 300 mV. The sample traces show considerable slowing down with the introduction of graphene layers at the membrane area. D-F) Translocation time histograms for the cases A-C respectively. With 100nt ssDNA we find average translocation times of Ƭ = 550 ± 20 µs, Ƭ = 470 ± 20 µs, Ƭ = 180 ± 10 µs for graphene-dielectric-graphene, graphene-dielectric and dielectric respectively. Graphene DNA hydrophobic interactions reduce the translocation velocity of the DNA molecule by about 3 times when compared to translocation properties of the purely dielectric membrane. [51] 
 
We compare the translocation properties observed in our stacked layers with a positively charged 
(at experimental pH) dielectric layer of Al2O3 which has been reported to slow DNA translocations 
through electrostatic interactions. We report a ssDNA translocation speed of 180 ± 10 µs which is 
in the same range as expected from literature for such oxide membranes. [26] The alumina 
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membrane nanopore shows a three times faster translocation speed than the graphene-dielectric-
graphene case. We model the pore as having a truncated double conical structure (Figure 18) 
similar to that reported for Alumina nanopores. [43] The pore conductance is given by Equation 6:  
                                                       ܩ௣௢௥௘ =  ఙగௗమସ ൬ ఋ ୲ୟ୬ ఈ ାଵ௛ ା ௛೐೑೑ఋ ୲ୟ୬ ఈ൰                                                             (6)                        
 Where Gpore is the pore conductance calculated by adding the adding the pore resistance derived 
through geometric arguments. [17] In this equation σ is the ionic conductivity of 1M KCl buffer 
solution (measured to be 112.8 mS/cm). d is the diameter of the pore and h is the height of the 
membrane ( ~ 24 nm) and δ = (h-heff)/d. Assuming effective channel length heff = h/3 and a cone 
angle of α = 30° we calculate expected nanopore diameters based on observed conductance values 
(Figure 18). This is consistent with previous work on Al2O3 nanopores from our lab using 
aluminum oxide nanopores and the same electron microscope instrument. [15] The calculated pore 
diameters are reported in Figure 16 (insets). The expected and observed pore diameter values fit 
well to the conductance model for the graphene and graphene-dielectric membranes. The 
geometric model however does not take into account the presence of different materials in the 
three membrane structures which could have a surface charge based contribution to the ionic flow 
and slightly different geometric shapes based on different sputtering rate of stacked materials. [49] 
Translocation statistics are reported to be sensitive to variations in pore diameter when 
translocating polymer and nanopore have comparable diameters. [34] For ssDNA translocations 
as pore diameter increases above 3 nm, translocation velocity is expected to saturate as a result of 
decreased van der Waals interactions with the pore walls. [38, 139] All our nanopores are 
approximately 3 times the diameter of the ssDNA molecule and significant variation in pore-DNA 
interactions with minor changes (~0.4 nm) in pore diameter is not expected. Additionally the 
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graphene-dielectric membrane pore shows a larger current than the dielectric pore but still shows 
significantly longer translocation times indicating that the observations are not due to variations in 
the pore diameter. We attribute the observed changes to specific interactions between the DNA 
molecule and the membrane materials. We hypothesize the possible cause for slow ssDNA 
translocations in the graphene embedded membranes to be hydrophobic interactions between 
ssDNA and the graphene layers. Nanopore experiments in Al2O3 membranes [15, 25, 140] indicate 
an order of magnitude reduction in translocation speeds as compared to Si3N4 or SiO2 based 
nanopores. The addition of graphene layers makes the pore hydrophobic. ssDNA-graphene 
interactions due to hydrophobic attraction is well known. The aromatic purines and pyrimidine 
bases of ssDNA have been observed to freely adsorb on graphene surfaces. [141] 
We observe material inhomogeneity in the vicinity of the nanopore as seen in the contrast around 
the nanopore in the TEM images (Figure 16). Changes in local stoichiometry and crystallization 
of material have been reported for Alumina membranes due to preferential sputtering of Oxygen 
atoms. [25] The possibility of graphene damage due to TEM convergent beam has also been 
addressed to confirm the presence of graphene in the pore vicinity for these structures (Figure 18). 
We simulated the same beam conditions on a pure graphene membrane. While the pore nucleates 
very quickly, the pore expansion saturates if the beam is not moved to the edges of the pore. 
Intensity profiles for the electron beam probes used in these studies have been reported to have a 
tail approximating a radius of 5 nm. [25] Consistent with those results, even long exposures (well 
beyond those used for the pores in the fluidic experiments) do not expand the pore to beyond 7 nm 
of radius. The protocol to minimize graphene damage has been described in the Experimental 
section. Also graphene layers are expected to adhere well to oxides due to van der Waals 
interactions and we expect the graphene damage reported here to be an upper bound for the 
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possible graphene damage in the stacked graphene-dielectric structures. [142] While local 
graphene crystal structure changes or amorphization under the influence of electron irradiation 
cannot be ruled out, [143] hydrophobic interactions of DNA with different forms of carbon have 
been shown. [144] Given the length of the DNA strand used in these experiments we expect 
graphene to have a significant influence on translocation characteristics (Figure 18).  
 
Figure 18. A-B) Schematics of the expected nanopore shape indicating different dimensions of the nanopore. C) Characterization of graphene damage by the convergent electron beam exposure. The pore nucleates very quickly but growth saturates for exposure time longer than 60 seconds. The further enlargement is mainly attributed to beam drift which is manifested in the asymmetric growth of the nanopore. As can be clearly seen from the images there is still sufficient material around the pore for the DNA molecules to interact with. [51] 
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The enhanced pore/membrane and DNA interactions produce translocation rates of ~5.5 µs/bp at 
300 mV and ~10.1 µs/bp at 200 mV. This compares favorably to studies on ssDNA translocation 
through other materials such as HfO2, [26] SiNx [37] and bare graphene membranes, when operated 
in experimental conditions where the DNA-graphene interactions are minimized. [55, 57] In 
addition, graphene-DNA interactions are known to be nucleobase specific. The specificity of these 
interactions have been applied to a variety of optical sensors and for separation of single and 
double-stranded DNA. [137, 145, 146] The binding energy of the four nitrogenous nucleobases 
with graphene is known to vary [147, 148] with guanine known to have the strongest binding 
affinity. The difference in interaction could result in different translocation speeds and provide a 
basis of nucleotide separation essential for sequencing applications. The addition of dielectric 
layers increases the thickness of the membrane and thus can reduce the spatial resolution of the 
measurement if ionic currents through the pore are expected to resolve the DNA sequence.  
The necessary controls and detailed analysis for both graphene-dielectric-graphene and dielectric 
nanopore experiments are presented in Figure 19. The scatter plots (Figure 19A-B) display similar 
blockade levels in both cases. The slightly higher blockade levels for the dielectric membrane are 
indicative of a slightly smaller nanopore. Additionally we speculate that the higher degree of 
freedom for the ssDNA molecules in the absence of graphene layers and specific interactions can 
lead to formation of secondary structures and higher current blockades.  The significant shift in 
the event duration densities of the blockade events (as borne out by the translocation time 
histograms) for both membrane systems seems to indicate significant differences in the DNA-
membrane material interactions. In addition, translocation histograms at two different 
transmembrane voltages have been presented to indicate the expected increase in average dwell 
time with applied voltage, confirming the observed blockades to be due to translocations instead 
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of random collisions. The broad distribution of translocation times in all cases indicate significant 
interaction with the pore surface. [25, 34] 
 
Figure 19. Control experiments for graphene-dielectric-graphene and dielectric nanopores for translocation experiments with 100nt ssDNA. For these experiments, a 3.5 nm pore was drilled in the graphene-dielectric-graphene membrane and a 3.3 nm pore was drilled in a dielectric membrane. A-B) Scatter diagram for Blockade ratio vs Dwell time for both the membrane systems. C-D) Translocation time histograms for the graphene-dielectric-graphene and dielectric nanopores showing an increase in Dwell time with increased transmembrane voltage indicating the events observed to be due to DNA translocation. All experiments were performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6. The blockade ratios are in the same range and a significant difference is observed in the translocation time. [51] 
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Expected blockade ratio for ssDNA (dDNA = 1.2 nm) blocking a 3.5 nm pore can roughly be 
estimated by Equation 7: 
                                                                           ܤ௥ = (ௗವಿಲௗ೛೚ೝ೐)ଶ                                                                             (7) 
The expected blockade ratio for unfolded ssDNA translocation is 0.12. The blockade histograms 
(Figure 20A) for a 3.5 nm pore in graphene-dielectric-graphene membrane displays a mean 
blockade level of ΔI ~ 326.4 ± 7.3 pA at 300 mV. This indicates a mean blockade level of Br = 
ΔI/I = 0.14, where I is the open pore current, in good agreement with expected blockade for 
unfolded DNA translocation. Also the average blockade level reduces as expected with decreasing 
voltage (Figure 20B); however the blockade ratio (Br) is similar.      
 
Figure 20. A-B) Current blockade histograms at 300 mV and 200 mV respectively corresponding to the translocations of 100 nt ssDNA through a 3.5 nm pore in a graphene-dielectric-graphene membrane showing the reduction of blockade levels with applied voltage as expected. The blockade levels (ΔI values provided in the insets) also correspond very closely to expected levels for a nanopore of this diameter and conductance level. The experiment was performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6. [51] 
 
5.4 MD Simulations 
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To elucidate the microscopic interactions that give rise to the experimentally observed variation 
of the DNA translocation rate, we construct two atomic-scale models of the experimental systems. 
Each model, shown in Figures 21A and 21B, contains a 50-nucleotide fragment of a poly(dT) 
strand threaded through a double-cone nanopore of  1.7 nm minimum diameter cut in a 5.5 nm-
thick amorphous silica membrane. One of the systems has a graphene sheet added on each side of 
the membrane; the pore was cut in graphene to match the size and shape of the nanopore openings. 
Following an earlier work [149] we use slightly positively charged amorphous silica as a model of 
alumina. The systems are solvated and populated with ions to produce a 1 M KCl solution. The 
systems equilibrate under constant pressure for over 80 ns. Following that, a 500 mV bias is applied 
across each system forcing ssDNA to move from one side of the membrane to the other through 
the nanopore. More details are provided in our publication. [51] 
During equilibration, ssDNA is observed to adhere to the surface of the membrane in both systems. 
However, the microscopic conformations of ssDNA in the two systems are qualitatively different: 
hydrophobic adhesion of DNA bases is observed only in the case of the graphene-dielectric-
graphene membrane, Figure 21B. Such differences are seen to affect the rate of ssDNA transport 
through the nanopore. In Figure 21C, we plot the number of nucleotides permeated through the 
membrane’s midplane under a 500 mV transmembrane bias. The transport of ssDNA through the 
nanopore in the graphene covered membrane is considerably slower than that in the bare dielectric 
membrane. To calculate the average permeation rate, we divide the total number of permeated 
nucleotides by the duration of the simulation. The graphene-silica-graphene pore is simulated for 
951 ns, and the permeation rate is measured to be 0.0195 nt/ns, considerably slower than in the 
case of a free-standing graphene membrane. [58] The silica-only pore is simulated for 464 ns, and 
the observed permeation rate is 0.0324 nt/ns. Thus, the presence of the graphene sheets contributes 
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to approximately a 40% reduction of the DNA permeation rate, which is in excellent agreement 
with the experimental measurements reported above. For comparison, the translocation rate of 
dsDNA in a bare dielectric membrane under identical conditions (but using a larger 3.8 nm 
diameter pore) is 4.9 bp/ns, two orders of magnitude faster than the ssDNA permeation rate. 
 
Figure 21. All-atom MD simulations of ssDNA translocation through nanopores. A-B) Representative conformations of a poly(dT)50 strand in MD simulations of nanopore transport through dielectric A) and graphene-dielectric-graphene B) membranes. The minimum diameter of the nanopore in each membrane was 1.7 nm. C) The number of nucleotides transported through the midplane of the membrane by a 500 mV bias versus simulation time. The midplane’s location is indicated by a red line in panels A and B.  The average permeation rates are 0.0324 and 0.0195 nucleotides/ns for the dielectric (black trace) and graphene-dielectric-graphene (red trace) membranes, respectively. The insets depict interactions of ssDNA with the surface of the dielectric (top) and graphene-dielectric-graphene (bottom) membranes.  The bases do not strongly interact with the surface of silica, but stack strongly to graphene. [51] 
 
Two types of interactions determine the rate of ssDNA permeation through the nanopores. The 
first one is stacking of the DNA bases to the graphene sheets. The abundance of such hydrophobic 
contacts can be appreciated from the close-up views of the nanopore edge shown in the inset to 
Figure 21C. All DNA bases outside the nanopore adsorb to graphene but only few are adsorbed to 
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the surface of the bare dielectric membrane. The second type is an attraction of the DNA backbone 
to silica.  
Figure 22 provides further details on the process of ssDNA translocation. Snapshots in Figure 22A 
illustrate the conformation of ssDNA at the beginning (left) and the end (right) of the 951 ns MD 
trajectory. The DNA strand appears to be under tension. The average distance between the 
nucleotides along the pore axis in the top (inlet) and bottom (outlet) halves of the pore is about 
0.59 and 0.54 nm, respectively, which corresponds to a stretching force of approximately 80 and 
40 pN.150 151 Lower tension in the bottom part of the DNA strand permits for intermittent 
accumulation of DNA nucleotides at the exit opening of the nanopore.  
Because the strand is under tension, displacements of the nucleotides in the nanopore are 
correlated, which can be clearly seen from the main panel of Figure 22A that plots the coordinates 
of individual nucleotides in the nanopore. For translocation to occur, the bases must desorb from 
graphene. Vertical arrows at the top of Figure 22 indicate the times at which a base desorbs from 
the graphene and enters the nanopore. This unbinding process is likely the reason for slower 
translocation kinetics of ssDNA in graphene-dielectric-graphene membrane in comparison to 
otherwise identical bare dielectric system. The higher extent of DNA adsorption at low pH has 
been reported for graphene oxide. [137] The single nucleotide traces in Figure 22A also clearly 
show that the translocation process is not only stepwise, but also that the DNA nucleotides visit 
the same locations during the translocation, Figure 22B.  Repetitive placement of DNA nucleotides 
within the same region of the pore may be advantageous for DNA sequencing applications. 
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Figure 22. Stepwise transport of ssDNA through graphene-dielectric-graphene membrane. A) Z-coordinates of DNA nucleotides (measured as the center of mass of each nucleotide’s backbone) versus simulation time. The snapshots illustrate the conformation of ssDNA at the beginning (left) and the end (right) of the MD simulation. The color of the nucleotides corresponds to the color of the Z-coordinate traces; dashed arrows relate select traces to the nucleotides they represent. Vertical arrows at the top and bottom of the graph indicate the moments of DNA base unbinding from the top layer of graphene (top) or binding of a DNA base to the bottom layer of graphene (bottom). The traces demonstrate long periods of very little motion punctuated by short quick movements of approximately the length of one nucleotide. B) The distribution of the DNA nucleotide along the length of the nanopore averaged over the course of the ~950 ns MD simulation. Repetitive placement of DNA nucleotides within the same region of the pore may be advantageous for DNA sequencing applications. [51] 
 
5.5 dsDNA Translocation Experiments 
The degree and effect of these hydrophobic interactions can be further understood by comparing 
ssDNA and dsDNA translocation properties. The dsDNA translocation experiments are conducted 
with long dsDNA molecules (850bp) in an approximately 6 nm pore through a graphene-dielectric-
graphene membrane. Even though the nanopore size is larger than those used for ssDNA 
translocation experiments, we believe the direct comparison is still valid, as translocation velocity 
and DNA-pore wall interactions have been calculated to be fairly constant for large nanopores.  
[38] The diameter of the pore is more than twice the diameter of dsDNA.  In all our studies, the 
nanopore diameter is much larger than the molecule size thus the major contributing factor to 
interactions slowing down DNA molecules are expected to be interactions between the membrane 
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surface and DNA strand. The results of dsDNA experiments and translocation histograms at 
transmembrane voltages of 300 mV and 500 mV have been presented in Figure 23B-C.  
 
Figure 23. Nanopore experiments indicating the effect of graphene layers on double stranded DNA translocation. A) Schematic of graphene-dielectric-graphene membrane used in studying translocation of 850bp dsDNA. A 6 nm pore is used in this experiment. B-C) Translocation histograms for dsDNA translocations at transmembrane voltages of 300 mV and 500 mV respectively. All experiments were performed in 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.  Insets: Sample current traces of dsDNA blockade events for both values of transmembrane voltages. The smaller timescale of translocation of a much longer dsDNA (compared to ssDNA used in this study) indicates significantly reduced hydrophobic interactions in between graphene and dsDNA as compared to graphene and ssDNA. [51] 
 
The translocation speed for the dsDNA strand is observed to be an order of magnitude faster than 
that for the ssDNA experiments. Table 1 shows a summary of translocation time and speeds for 
ssDNA and dsDNA molecules. While this may appear surprising at first glance, as the dsDNA 
molecules used here are much longer than the ssDNA molecules, the dsDNA molecule is expected 
to have significantly less interaction with graphene. [141] For dsDNA, the nucleobases are 
effectively shielded within the helical structure protected by a charged phosphate backbone. In 
addition, the persistence length for ssDNA molecules is around 2-4 nm which, owing to a larger 
degree of freedom, is significantly smaller than that for dsDNA (50 nm) molecules. [152, 153] The 
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stiffer dsDNA molecule has weak interactions with the membrane surface and could be expected 
to be linearly oriented, (Figure 23A) under the influence of the strong local electric field and 
translocate much faster than the ssDNA molecules. On the other hand an ssDNA molecule can 
easily orient along the graphene surface and enter the nanopore through a 2-dimensional diffusion 
process which would significantly slow down DNA translocations as confirmed by our results. 
[58, 136] 
Membrane Material (Thickness, t~24nm) 
Pore Diameter (d) 
Dwell Time, τ (Transmembrane Voltage 300mV) 
DNA Length Translocation Rate 
graphene-Al2O3-graphene  3.5 nm 550 µs 100nt – ssDNA 5.5 µs/nt @300mV 
graphene-Al2O3 4.0 nm 470 µs 100nt – ssDNA 4.7 µs/nt @300mV 
Al2O3   3.3 nm 180 µs 100nt – ssDNA 1.8 µs/nt @300mV 
graphene-Al2O3- graphene  6 nm 340 µs 850bp – dsDNA 0.4 µs/bp @300mV 
 
 
5.6 Chapter Summary 
In summary, we investigated the interaction effects of DNA and graphene as a means of slowing 
DNA transport through a nanopore. We find that a reduced rate of ssDNA translocation can be 
induced by the presence of exposed graphene layers on dielectric membranes. The results can be 
explained by the possibility of hydrophobic interactions between the nucleobases and graphene 
layers. The adsorption of nucleobases to DNA and subsequent desorption necessary for 
translocation provides the impeding force for DNA translocations. This is evidenced through direct 
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comparison with dielectric membranes consisting of materials with highly charged surface at 
experimental pH conditions. Also the significant difference in translocation characteristics of 
ssDNA and dsDNA observed in these experiments validates our conclusions regarding the 
hydrophobic origins of these interactions. 
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CHAPTER 6 
FABRICATION OF GRAPHENE NANORIBBONS 
 
In this chapter we report the fabrication of graphene nanoribbons. The stacked structure enables 
the integration of nanostructures for alternative sensing modalities and Graphene nanoribbons 
(GNRs) have promising applications in future nanoelectronics, chemical sensing and electrical 
interconnects. Although there are quite a few GNR nanofabrication methods reported, a rapid and 
low-cost fabrication method that is capable of fabricating arbitrary shapes of GNRs with good-
quality is still in demand for using GNRs for device applications. In this chapter, we present a tip-
based nanofabrication method capable of fabricating arbitrary shapes of GNRs. A heated atomic 
force microscope (AFM) tip deposits polymer nanowires atop a CVD-grown graphene surface. 
The polymer nanowires serve as an etch mask to define GNRs through one step of oxygen plasma 
etching similar to photoresist in conventional photolithography. Various shapes of GNRs with 
either linear or curvilinear features are demonstrated. The width of the GNR is around 270 nm and 
is determined by the width of depositing polymer nanowire. We characterize our TBN-fabricated 
GNRs using Raman spectroscopy and I-V measurements on. The measured sheet resistance of our 
GNRs fall within the range of 1.65 kΩ/□ – 2.64 kΩ/□, in agreement with previously reported 
values.  Furthermore, we determined the high-field breakdown current density of GNRs to be ≈
2.94x108 A/cm2. This TBN process is seamlessly compatible with existing nanofabrication 
processes, and is particularly suitable for fabricating GNR based electronic devices including next 
generation DNA sequencing technologies and beyond Si CMOS field effect transistors.  In 
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nanopore field this technique has promise for building nanoribbons and nanogaps which could 
open avenues for DNA sensing with higher sensitivity and alternate detection modalities. 
6.1 Fabrication of GNR 
As silicon device scaling approaches its quantum limits, graphene nanostructures are being 
considered as possible replacements in micro and nanoelectronics. Graphene nanoribbons (GNRs) 
are of particular interest as lateral quantum confinement of charge carriers creates a bandgap in 
graphene’s density of states. [154, 155] GNRs also have potential applications in highly sensitive 
chemical sensing [156, 157] and nanopore-based DNA sequencing. [19, 91, 158]   
Although GNRs are very promising in all aforementioned applications, fabrication of good-quality 
GNRs that can be easily integrated for device fabrication remains a major challenge. Existing GNR 
fabrication methods can be categorized into two major classes: top-down and bottom-up. Top-
down methods such as electron beam lithography (EBL) [154, 159] and Focused Ion Beam (FIB) 
[160] are able to create arbitrary shapes of GNRs down to 20 nm resolution, but the process 
remains very expensive. Very importantly, the high energy beams can cause degradation of 
electronic properties of graphene. [161] Another top-down method, NanoImprint Lithography 
(NIL), is less expensive but still requires an expensive predefined mold and the design is limited 
by the mold. Bottom-up methods using chemical routes [162] have lower cost and can produce 
GNRs with well-defined boundaries, but usually only produce very limited geometries of GNRs 
and lack precise placement and registry for subsequent device fabrication.  
Here, we present a tip-based nanofabrication method (TBN) for fabricating GNRs, which is less 
expensive and easier to implement than all the existing top-down methods. No vacuum 
88  
environment is needed, no measurable damage is caused to the graphene during the process, and 
more excitingly this TBN method is seamlessly compatible with existing micro/nanofabrication 
methods, making it very promising for GNR device fabrication. In addition, the process is additive 
and only adds polymer nanowires where needed, therefore, resulting in much less polymer 
contamination than EBL which requires spin-coating of polymer resist covering the entire 
graphene surface. 
Figure 24 depicts the major steps for fabrication of graphene nanoribbons (GNRs) using TBN. A 
highly p-doped silicon substrate (resistivity=0.005Ω.cm) with a 90 nm thick thermally grown 
silicon dioxide layer was used in this experiment. First, we fabricated micro-patterned metal 
electrodes consisting of a 2 nm thick titanium adhesion layer and 30 nm thick gold using 
conventional optical lithography and metal lift-off processes (Figure 24a).  Second, graphene was 
grown on copper by CVD process [108] and transferred onto the substrate using a process 
described previously (Figure 24b). Raman spectroscopy measurements have indicated largely 
monolayer and some bilayer growth using this process. [56] The third step involves deposition of 
polystyrene nanowires (PS NWs) using a heated atomic force microscopy (AFM) tip (Figure 24c). 
This step consists of two parts. The first part is to scan the sample surface using the AFM tip in 
non-heating mode to get the topography information about the microelectrodes. The second part 
is to specify the scan path of the heated AFM tip to deposit PS nanowires precisely across the 
microelectrodes. Subsequently the graphene unprotected by the PS nanowires is etched using 
oxygen plasma for 25 seconds (20 sccm O2, 90 W, 100 mtorr) and the remaining polystyrene (PS) 
residue is removed with acetone and isopropanol (Figure 24d).   
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Figure 24. Schematics illustrating major steps of GNR fabrication using TBN method with a heated AFM tip. [199] 
 
6.1.1 Tip Based Nanolithography 
The heated AFM tip we used in this work is made of a silicon double-armed micro-cantilever with 
a diamond-coated silicon tip at the free end developed in King’s group. [163] Applying an electric 
current through the silicon micro-cantilever resistively heats up the tip. A closed-loop feedback 
circuit keeps the heated AFM tip at the desired temperature. [164] The temperature of the tip is 
derived from the Stokes peak shift, measured using a Renishaw InVia Raman spectrometer. We 
calibrate the temperature of the heated AFM tip by measuring the frequency shift of the Raman 
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spectra as function of applied power, and compare this to the expected shift as a function of 
temperature. This Raman microscope has a spatial resolution of 1µm, an accuracy of around 1%, 
and a spectral resolution of 0.1cm-1. [165] 
In order to deposit, PS NWs using the heated AFM tip, we first load the PS onto the tip by bringing 
the heated AFM tip into contact with a thin PS fiber under a stereo microscope. The thin PS fiber 
is manually prepared by inserting a metal wire into molten PS flakes (Polysciences Inc, 
Polystyrene, Molecular Weight 50,000 Atactic Flakes) heated at 180 °C hotplate and slowly 
pulling the metal wire out. After molten PS flows onto the tip, we withdraw the tip from the fiber 
and turn off the heat. After loading the PS on the tip, we mount the tip into a commercial Asylum 
Research MFP-3D AFM and scan the tip along a programmed path with controlled temperature.  
After adding the PS polymer, the tip might have an excess of polymer material resulting in the 
initial deposition of nanowires being very wide and thick. However, after several PS nanowire 
depositions, the width and thickness of the deposited PS become stable in a similar way as a new 
ink pen deposits organic inks. We only deposit the PS NWs across the metal microelectrodes when 
the deposition is stable to ensure uniform width of PS NWs.  
6.2 Characterization of GNR 
Figure 25 (a) shows two linear GNR array across a pair of gold electrodes. Figure 25(b) shows the 
zoomed-in view of a section of one linear GNR, showing a width of about 267 nm. Figure 25(c) 
is the SEM image of an array of 4 linear GNRs and Figure 25(d) shows the zoomed-in view of a 
section of one GNR, exhibits a width about 290 nm. Figure 25(e) shows an array of 8 linear GNRs 
across two gold electrodes. Figure 25(f) shows the SEM image of the TBN-fabricated GNR in a 
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tilted angle of 45°, clearly showing the GRN is continuous from the Au electrode to the substrate. 
The width of the graphene pattern is slightly smaller than that of the PS NWs. This is because the 
PS NW is thicker in the middle and thinner at the edges. During oxygen plasma etching, PS at the 
edges is slightly etched and the underlying graphene also gets etched while PS in the middle 
survives the whole oxygen plasma etching and graphene underneath is not etched. 
 
Figure 25. SEM images of different arrays of TBN-fabricated GNRs across Au electrodes. (a) an array of 2 parallel GNRs across Au electrodes; (b) Zoomed-in view of one GNR; (c) An array of 4 parallel GNRs across Au electrodes; (d) Zoomed-in view of one GNR; (e) An array of 8 parallel GNRs across Au electrodes; (f) A zoomed-in view of intersection of GNR with Au electrode. [199] 
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Figure 26 shows the representative Raman spectra of unpatterned CVD graphene and patterned 
GNRs. CVD graphene (black) is largely monolayer with very a small D-peak indicating largely 
defect free growth. The D-peak becomes more prominent in the circular patterned graphene (blue) 
which is approximately 450 nm in width and in the GNRs (red) which are approximately 250 nm 
in width.  
 
Figure 26.  Representative Raman spectra of unpatterned CVD-grown graphene and TBN-patterned graphene. CVD-grown graphene (black) is largely monolayer with very small D-peak indicating largely defect free growth. The D-peak becomes more prominent in the circular patterned graphene (blue) which is approximately 450 nm wide and in the GNRs (red) which are approximately 250 nm in width. [199]  
Figure 27(a) shows the I-V measurement of three different GNR arrays with 2, 4, 8 GNRs as shown 
in Figure 5. All the ribbons are measured to have widths between 200-300 nm and the lengths are 
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10 µm. The voltage across the electrodes is swept from -1 to 1 V with a step of 40 mV. The 
resistances of the GNR arrays decrease with increasing numbers of ribbons. Based on the measured 
resistance, we estimated the sheet resistance of graphene using the following equation: 
                                                                     ܴ௦ = ܴ ቀ୛୐ ቁ ݊                                                                         (8) 
Where, Rs is the sheet resistance, W is the average width of the graphene ribbon array, n is the 
number of ribbons in the array, L is the length of the electrode separation and R is the measured 
resistance. For the 8 ribbon array, using an average measured width of 244 nm and length of 10 
µm, we obtain a sheet resistance value of 1.65 kΩ/□. For the 4 ribbon and 2 ribbon array, the 
average GNR width was measured to be 276.7 nm and 267.0 nm indicating a high degree of 
uniformity for this process. The estimated sheet resistance values for these two arrays are 2.54 
kΩ/□ and 2.64 kΩ/□ respectively. All the derived sheet resistance values are within the typical 
reported range for such CVD grown graphene. [109] The relative variation in sheet resistance could 
be attributed to some degree of bilayer and multilayer growth, along with contact resistance effects.  
Figure 27(b) shows the I-V measurements of GNRs after deposition of a layer of 8 nm thick Al2O3 
dielectric layer on these GNR arrays. The measured resistances of the GNR arrays increase slightly 
upon deposition of the dielectric, which could be indicative of a reduction in doping levels caused 
by the dielectric deposition. This presence of the dielectric can reduce the physical adsorption of 
impurities such as adsorbed water and oxygen which makes the graphene p-doped. [59, 166] The 
Al2O3 atomic layer deposition (ALD) process has been reported to suppress such ambient air 
caused p-doping in graphene by a self-cleaning effect. [167] To achieve uniform nucleation and 
growth of the dielectric layer, we first deposit a 1.5 nm thick seed layer of aluminum, [110] which 
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oxidizes spontaneously in air after removing the samples from the vacuum deposition chamber. 
We then deposit the additional Al2O3 dielectric layer using ALD. 
 
Figure 27. Current-Voltage measurement of devices with 2, 4, and 8 GNRs across the Au electrodes. The measured resistance of 2 GNRs is 49.51 kΩ, 4 GNRs is 22.93 kΩ, 8 GNRs is 8.45 kΩ.  Based on the measured GNR width and length, the estimated sheet resistance of graphene is 2.97 kΩ/□, 2.85 kΩ/□, and 1.65 kΩ/□, all of them are within literature-reported 1-6 kΩ/□ range. After ALD deposition of 8 nm Al2O3, the resistance of the 2 GNRs is 50.67 kΩ, 4 GNRs is 26.50 KΩ, 8 GNRs is 10.36 KΩ. This is due to the reduction of p-doping levels of the GNRs, caused by the Al2O3 layer suppressing doping of graphene by ambient air. [199] 
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We also investigated the gate dependence of the GNR channel in air. We measured the resistances 
of 4-ribbon and 8-ribbon arrays at each back-gate bias, while the back-gate, which in this case is 
the highly p-doped silicon substrate, was varied from -60 V to 60 V with a step size of 0.5 V. 
Figure 28(a) shows the resistances of 4 ribbon and 8 ribbon array at different back-gate bias before 
ALD while Figure 28(b) shows the results after ALD. For both the 8 ribbon and 4 ribbon arrays, a 
significant shift in Dirac points is found after ALD deposition of Al2O3 layer. The shifting of the 
Dirac point towards zero back-gate bias after ALD is consistent with a reduction of p-doping after 
the deposition process, and is observed for both the ribbon arrays.  
 
Figure 28. Backgate measurement characteristics. (a) Resistances of 8 ribbon GNR array at different back gate bias before and after 8 nm thick ALD Al2O3 deposition; (b) Resistances of 4 ribbon GNR array at different back gate bias before and after 8 nm thick ALD Al2O3 deposition. Variation of nanoribbon resistances are observed with varying gate voltages. On depositing the Al2O3 dielectric layer, the p-doping level decreases significantly as seen by increased GNR resistance and shifts in Dirac voltages both for 8 ribbon and 4 ribbon GNR array. [199] 
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Finally, we also measured the high-field behavior of our TBN-fabricated GNRs to evaluate the 
current carrying capacity since graphene is potentially applicable for electrical interconnects. [117, 
168] We have used the 2 ribbon GNR array (after Al2O3 dielectric deposition) for this particular 
experiment where a voltage is swept across the electrode until device failure. The results presented 
in Figure 29 shows the stepwise breakdown of the two individual ribbons. The breakdown 
manifests in significant reduction of the current in the ribbons. And the first breakdown current is 
about twice the value of the second breakdown current, further proving that it is caused by the 
breakdown of the graphene ribbons. The breakdown current density (assuming a monolayer 
thickness of graphene) is calculated to be 2.94x108 A/cm2, which compares well to literature 
reported values for both exfoliated and CVD grown graphene. [117, 169] 
 
Figure 29. Breakdown characteristics of 2 ribbon array. 2 breakdown levels are observed indicating the sequential breakdown of multiple ribbons. The calculated maximum current density is of the order of 108 A/cm2 which is consistent with literature-reported values. [199]  
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6.3 Chapter Summary 
In this chapter we presented the use of PS NW as an etch mask for patterning graphene and the 
etching of graphene only requires a very short period of oxygen plasma etching. A thinner polymer 
NW can withstand this etching, therefore, highlighting the potential to reduce the width of the 
GNR fabricated using this TBN based method. Compared with other top-down GNR-fabrication 
methods, our TBN method has several distinctive advantages. First, the cost of an AFM equipment 
can be as low as 100K US dollars compared with 10× the cost of either EBL or FIB. Second, this 
TBN process is performed in ambient conditions, and no vacuum is required, which makes it 
possible to nanopattern samples prohibited in vacuum environments such as chemical or biological 
samples. Third, our TBN approach is additive and only deposits polymer where needed, thus 
resulting in much less contamination, which is extremely important for graphene whose properties 
are very sensitive to surface contamination. Fourth, this TBN method has excellent capability of 
aligning nanoscale features to microscale features, a vital capability for nanoscale device 
integration. This is because this TBN method has built-in AFM imaging capability and can align 
features within the resolution of the piezoelectric stages in the AFM system, usually several 
nanometers, which compares favorably to the tens of nanometers alignment error for a normal 
EBL system. 
In summary, we have presented the application of TBN with a heated AFM tip for fabricating 
arbitrary shapes of graphene nanostructures. This TBN method should have wide applications for 
fabrication of a wide variety of graphene nanostructures and should be easy to integrate with 
existing micro/nanofabrication process for development of new graphene devices. Moreover, our 
TBN method has precise control on position and size without expensive and complex electron 
98  
beam lithography alignment processes. We fabricated arrays of long GNRs and obtained their 
transport properties which correlate well with devices fabricated by more complicated e-beam 
lithography processes on exfoliated graphene crystals. We also demonstrated the variation in 
transport properties in ambient conditions on deposition of a dielectric layer on the GNRs. This 
method should enable the formation of nanostructures for sensing applications with precise control 
of position and alignment and would be much cheaper than e-beam lithography making it an 
attractive alternative.  
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CHAPTER 7 
MoS2 BASED NANOPORES 
 
MoS2 has attracted a great deal of attention recently due to its direct bandgap making it more 
attractive than graphene as a supplement to silicon based semiconductor technologies. While 
exfoliated MoS2 has been studied extensively to show transistor like properties with high on-off 
ratios, [65, 170-172] CVD grown MoS2 is also of great interest due to the greater versatility 
provided by being able to position films as desired. Particularly for nanopore based applications 
CVD is the method of choice and thus great efforts have been devoted to the development and 
understanding of the CVD process. Crystals of MoS2 are composed of alternating layers of 
Molybdenum and sulphur atoms with each molybdenum atom covalently bonded to 6 sulphur 
atoms and each sulphur atom covalently bonded to 3 molybdenum atoms.  Individual 2D crystal 
layer of MoS2 has a plane of hexagonally arranged molybdenum atoms sandwiched between two 
planes of hexagonally arranged sulfur atoms, with the covalently bonded S–Mo–S atoms in a 
trigonal prismatic arrangement forming a hexagonal crystal structure. [173] Single layers are about 
6.5 A° thick and have a direct band gap of about 1.8 eV. [174] 
In this chapter we present the fabrication and transfer of single layer MoS2 films and their 
integration into the stacked nanopore structures. We obtained CVD grown MoS2 films and 
transferred them onto back gated SiO2 substrates similar to our study on the electrical properties 
of graphene nanoribbons (Chapter 6). Photoluminescence, XPS and AFM characterization 
demonstrated the films to be largely monolayer in nature with some regions with bilayer growth. 
As expected orders of magnitude change in current modulation was observed for MoS2 films as 
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compared to graphene constrictions for the same back gate voltage range. This indicated the 
superiority of MoS2 over graphene for charge based sensing. These MoS2 films were also 
transferred onto the FIB holes in our substrates to create freely suspended MoS2 films. PMMA 
supported transfers were found to be compatible with our substrates. These single atomic layer 
thick films are highly stable and were used to drill nanopores between 4-6 nm in diameter. The 
translocation of double stranded DNA was demonstrated through these pores with good statistics. 
The translocation of MBD complex with short double stranded DNA fragments was also 
demonstrated with slightly larger pores (12 nm). As expected the entropic barrier for bio-molecule 
transport was found to be low and translocations of free DNA were observed at transmembrane 
voltages as low as 50 mV. Selective detection of bulkier complex molecules was observed at higher 
voltages. The use of smaller nanopores can slow down the transport speed of the complex 
molecules and DNA molecule translocations in such thin membranes hold the promise of spatial 
profiling of complex sites in a single strand. Finally the integration of MoS2 as the active layer in 
a stacked architecture with graphene and MoS2 layers was also demonstrated here and dsDNA 
translocations through the stacked structure have been shown. A pathway was established towards 
realizing a device with MoS2 layers which can be patterned to create a sensing layer in stacked 
nanopore architecture. 
7.1 CVD Growth of MoS2 
MoS2 thin films have attracted a great deal of attention in the fields of catalysis, microelectronics 
and optoelectronics. [173, 175] A wide variety of techniques have been explored so far to 
synthesize thin layer MoS2 like mechanical exfoliation, [174, 176] intercalation assisted 
exfoliation, [177] physical vapor deposition [178] and hydrothermal synthesis. [179] Synthesis of 
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large scale films however with control over crystal structure is challenging with these methods. 
CVD offers much greater versatility both in terms of control over crystal structure as well as 
positioning of individual films and crystals in devices essential in both electronic applications as 
well as for nanopore applications. The most common technique studied for CVD involves the 
sulphurization of MoO3 films. [180] The process involves heating the MoO3 source to be reduced 
by sulfur vapor to form volatile MoO3-x. [181] The volatile sub oxide subsequently diffuses to the 
substrate where it reacts with sulfur vapor to form the MoS2 films. Based on various CVD 
parameters like sulfur concentration and chamber pressure the quality of the material growth and 
subsequently the crystal structure can be controlled. [182] Sulfur concentration determines the 
extent of the sulphurization reaction. At low concentration of sulfur Molybdenum oxisulphide 
rectangular domains, which has an orthorhombic crystal structure, were observed while as the 
sulfur concentration is increased the sulphurization reaction is favored and hexagonal domains are 
formed. [182] As sulfur concentration is increased further and the chamber is saturated with sulfur 
the triangular domains start nucleating. The shape of the MoS2 crystals is determined by the 
growing rate of different crystal faces. [183] The slow growing faces become the largest while the 
faster growing phases become smaller as the reaction proceeds. For the monolayer films like MoS2 
the edge free energy determines crystal morphology. The ratio of Mo to S in the chamber 
conditions determines the edge termination rate and thus the morphology. The chamber pressure 
determines the amount of MoO3 evaporated. As the pressure of the chamber is increased less 
amount of MoO3 is evaporated. The plentiful supply of sulfur in this case leads to slower and 
isolated growth of large triangular domains. However at lower pressured closer to atmospheric 
pressures with sufficient concentration of both precursors the individual triangles coalesce and 
form a large continuous film. Thus manipulation of process parameters can change the crystal 
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morphology of films and can be used to generate films based on the application. For electrical 
properties we found individual MoS2 triangles to be more suitable as the absence of grain 
boundaries should give higher mobility of charge carriers and thus electrical currents. Indeed in 
the results presented in the next section we see higher current values for isolated triangular domains 
of MoS2 as compared to continuous films. However for nanopore based DNA detection and 
methylation detection we preferred using large area continuous films as they improve our yield by 
increasing probability of transferred films covering our FIB holes as we see in section 7.3.        
 
Figure 30. (a) Schematic of CVD system used for growth for MoS2 films. MoO3 and S powders are used as precursors.N2 flow is used to control the process pressure. (b) Optical image showing large triangular domains obtained through control of chamber pressure and sulphur concentration. (c) SEM image depicting growth of triangular domains of MoS2 all over the substrate. Some domains coalesce to form continuous regions. (d) AFM image showing the thickness of individual crystal around 0.8 nm indicating monolayer nature of the film. [182] 
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Figure 30(a) shows the schematic of the CVD furnace used for MoS2 growth. Through control of 
process parameters the crystal domain size and the distribution or coverage of MoS2 is controlled. 
In most of the samples we see different regions with different crystal morphologies owing to non 
homogenous growth conditions over the substrate. For instance the optical image in Figure 30(b) 
shows large triangular domains but some rectangular regions were also observed indicating the 
presence of some Molybdenum oxysulphide domains. AFM measurements indicate the film 
thickness around 8A° which is around the value expected for monolayer material. While the 
graphene growth process is self limiting due the limited solubility of carbon source in the catalyst 
of copper, [108] MoS2 CVD process analysis indicates the partial pressure of the gaseous MoS2 
and the interaction of MoS2 thin films with substrates play key roles in this self-limiting 
mechanism. If the partial pressure of MoS2 gaseous species is maintained between the vapor 
pressures of MoS2 monolayer and bilayer films, exclusive monolayer growth is observed. [184] 
7.2 Electrical Properties of MoS2  
The presence of defects and grain boundaries in continuous MoS2 films are expected to reduce the 
carrier mobility and thus single crystals are more suitable for transport properties. Triangular 
monolayer MoS2 was grown by chemical vapor deposition method. MoO3 in a ceramic boat was 
used as Mo precursor and the other boat with sulfur in the upstream direction was used as S 
precursor. A facing-down silicon wafer with 300 nm SiO2 was put along the edge of the Mo boat 
to collect the grown MoS2. The furnace was heated from room temperature to the reaction 
temperature 750° C at a rate of 50° C/min and the dwelling time was 20 mins. After that, the 
furnace was cooled down to room temperature naturally. The entire reaction is carried out at 
atmospheric pressure. Growth of the monolayer MoS2 films happens directly on the SiO2 on Si 
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substrates. Even though the films are generally grown on back gated SiO2 on highly doped silicon 
substrates the high temperature growth process has been observed to degrade the electrical 
properties and is not suitable for reliable back gated measurements particularly over the high back 
gate voltage range used in these measurements. In fact devices fabricated directly on as grown 
MoS2 showed no back gate modulation and very high gate leakage currents confirming the 
degradation of thermal oxide. Thus for electrical transport and back gated measurements the MoS2 
films need to be transferred onto a fresh substrate. For this purpose we coat the as grown MoS2 
film with photo resist (PMMA 950A4) and bake at 200°C for 10 min to form a stable etch mask. 
Subsequently the substrate is floated on top of a high temperature KOH bath (@ 70°C). KOH 
etches SiO2 slowly from the sides till the MoS2 PMMA stack floats on top and the SiO2 substrate 
drops. [185] The MoS2 film stack is then transferred using a clean glass slide onto DI water and 
subsequently transferred onto the fresh SiO2 (270 nm thick thermal oxide) on Si substrates (highly 
p-doped). After removal of PMMA in acetone these substrates are heated in air at 200°C for 10 
min are then ready to be contacted. Using photolithography techniques the MoS2 regions are 
contacted. We studied the electrical properties of both regions with continuous MoS2 layers as well 
as contacted individual isolated triangles and compared the electrical properties. We deposited 5 
nm Ni/50 nm Au directly on top of the MoS2 layer as the contact material for the electrical studies. 
Figure 31 shows the transport properties of a continuous MoS2 channel across an approximately 7 
micron channel region. Figure 31(b) shows the conductance of the channel without back gate bias 
(floating gate). The conductance was observed to be fairly low but the contact appears to be ohmic 
based on the linear IV curve. Subsequently the back gate was biased at two different drain source 
voltages (1V and 0.1V) to measure the gate effect on the channel conductance. 
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Figure 31. (a) SEM image of Ni/Au contacts over a region with continuous MoS2 film (b) IV of the MoS2 channel with the gate electrode not connected (c) Modulation of drain current with the backgate voltage. The results presented are at two different values of drain-source voltage. The drain current is normalized with the electrode width. 
In accordance with literature n-type behavior was observed. [65, 180, 186] On increasing the back 
gate bias to 60V we observed current on/off ratio of approximately 104 range.  While this value 
appears to be low, as compared to literature) these measurements are done in ambient conditions. 
Air adsorbates have been suggested to act as p-dopants and thus suppress the number of electrons 
in the channel decreasing the n-type behavior of a typical MoS2 FET device. [187] Comparisons 
between the device performance in ambient air conditions and in vacuum confirmed, upon 
atmospheric adsorption, an increase in threshold voltage and 1 order decrease in electron field-
effect mobility. The adsorption of atmospheric humidity has also been reported to reduce the 
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electron mobility by about an order of magnitude. [188] The field effect mobility is calculated the 
following equation: 
                                                                  ߤ = ݀ܫௗ݀ ௚ܸ ×
ܮ
ܹܥ௜ ௗܸ௦                                                                      (9) 
Where µ is the mobility, the differential term is extracted from the slope of the transport curve at 
Vds = 1V (Figure 31(c)), L is the channel length (measured to be approximately 7 µm in this case). 
W is the width of the channel (= 30 µm). Ci = 1.3 x 10-4 F/m2 and is the capacitance between the 
channel and the back gate area. It can be calculated using the thickness of the thermal gate oxide 
as 270 nm. For the mobility measurements slope of the backgate transport curve was extracted 
close to 0 gate voltage. Using this equation the mobility value was extracted to be 0.49 cm2/Vs. 
While this value is in range of some studies [59, 180] the mobility can be improved using various 
methods discussed later in this section. The presence of grain boundaries will however limit 
mobility and this it is essential to compare this result with a MoS2 channel consisting of a single 
triangular domain crystal. Figure 32 presents the electrical measurements with Ni/Au contacts 
directly contacted with a single MoS2 crystal. The non-gated IV curve showed a significantly 
higher current (peak current is 3 orders of magnitude higher) compared to the continuous film 
(Figure 31) for the same back gate voltage modulation. The lack of grain boundaries possibly 
reduces the scattering sites is a possible explanation for this phenomena. The transport curves 
showed a much higher current as well with peak current density in hundreds of nA/µm which is 
along the expected lines based on literature. The field effect mobility calculated from equation 9 
gives a value of 1.21 cm2/Vs which is higher than those calculated for the continuous films.  This 
also shows a great deal of heterogeneity associated with the MoS2 films. Based on crystal 
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morphology which can be controlled by CVD conditions we get significantly different electrical 
properties. 
 
Figure 32. (a) SEM image of Ni/Au contacts over a region with individual MoS2 triangular domain crystal (b) IV of the MoS2 channel with the gate electrode not connected (c) Modulation of drain current with the backgate voltage. The results presented are at two different values of drain-source voltage. The drain current is normalized with the electrode width. 
 It is significant for nanopore applications that the non back gated current is reasonably high so 
that high drain source bias does not have to be applied. High drain-source bias could cause serious 
leakage issues through the membrane and need to be avoided. So based on these results we 
conclude that the single crystal MoS2 is the ideal sensing material to explore charge based sensing 
mechanisms in a nanopore structure. An interesting observation is that while the on/off ratio for 
these MoS2 channels was about 103-104, the current modulation in graphene nanostructures was 
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only about 3 times for the same back gate modulation (Figure 28) in the same device architecture. 
This indicates the significant superiority of MoS2 as the field effect transistor.  
The low mobility of MoS2 is attributed mainly to substrate effects and contact effects. Factors like 
surface roughness and sheet ripples strongly affect mobility, while dangling bonds have been 
shown to introduce deep energy states to the energy structure of MoS2. For instance a recent study 
indicated that the mobilities of MoS2 devices could be improved by an order of magnitude by 
transferring on hexagonal boron nitride substrates as opposed to silicon oxide substrates. These 
surfaces are inert and free of dangling bonds while the SiO2 substrates have a high density of 
dangling bonds creating scattering sites for the charge carriers. [189] The other ideas proposed for 
improving mobility include the deposition of high-κ dielectrics. The idea of dielectric engineering 
is to suppress Coulomb scattering in MoS2 channels. [190] The deposition of HfO2 high-κ gate 
dielectric was reported to increase the mobility to about 200 cm2/Vs with an on-off ratio of about 
108. Such modulation was achieved by using the top gate instead of a back gate and was attributed 
to suppression of Coulomb scattering and modification of phonon dispersion. The use of Al2O3 as 
the gate dielectric for MoS2 channels has also shown very positive results with mobility of 100 
cm2/Vs for the back gated device [191] and 170 cm2/Vs for top gated devices. [192] A dual gated 
structure with top and bottom Al2O3 layers has also been studied and a mobility of about 517 
cm2/Vs was reported. [110] Thus incorporation of our ALD grown Al2O3 layers could significantly 
increase the carrier mobility and thus channel currents and modulation. The other major effect 
limiting the field-effect mobility of MoS2 is the choice of contact metal and has been the subject 
of a lot of studies. For efficient charge transfer from contacts to MoS2, the electronic states at the 
Fermi level of the contact metal must strongly overlap and align with that of MoS2. [193] The 
misalignment of the Fermi levels of the contact metal and the MoS2 layer creates a schottky barrier 
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at the contact and reduces measured carrier mobility. Nickel has a smaller work function as 
compared to gold and palladium and is used in this study. The study of effective schottky barriers 
in Ni/Au contacts indicated fairly small barriers as the back gate voltages are shifted to positive 
values. [194] The fairly linear IV in our data suggests formation of a reasonably ohmic contact. 
Low work function metals like Molybdenum [170] and Scandium [195] have also been explored 
recently and results indicate a low schottky barrier and contact resistance. Scandium contacts have 
reported charge carrier mobility of about 700 cm2/Vs at room temperature. 
Recent simulation studies have indicated high quality MoS2 nanostructures could be used as 
sensing elements in a nanopore structure and detect DNA through a field effect sensing 
mechanism. [196] Since our results indicate that single crystals of MoS2 show higher currents and 
mobility we need to transfer individual crystals of MoS2 on our FIB holes in a stacked structure. 
As shown in Figure 33(a) the transfer process is compatible with our substrates and the PMMA 
based transfer process can be used to transfer individual MoS2 crystals (triangle) directly on the 
FIB holes. Achieving DNA sensing through MoS2 would also probably require constricted 
channels to improve sensitivity of current signals to localized charge fluctuations due to DNA. 
While formation of microchannels of exfoliated MoS2 for pH detection and bio-sensors [75] have 
been reported there have been very few studies on nanochannels. But the higher sensitivity of 
MoS2 channels to pH sensing shows promise for a charge based sensing mechanism in a nanopore. 
We used a similar process to our AFM tip based lithography used and detailed in Chapter 6 to etch 
and create MoS2 channels. Figure 33(b) shows an SEM image of MoS2 nanochannels (about 200 
nm) in diameter across the Ni/Au electrodes. A similar PS mask was used as in chapter 6 and O2 
plasma was used to etch MoS2. O2 plasma has been reported earlier to etch thin MoS2 thin layers 
to form nanochannels by a combination of physical and chemical etching mechanism. [185] 
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Figure 33. (a) SEM image of an individual MoS2 triangular crystal on top of a FIB hole in a stacked Al203-SiN-Al2O3 membrane (b) SEM image of MoS2 channels etched by using a PS mask. Channels with approximately 200 nm width were achieved. 
However an oxygen plasma process also etches the polymer mask fairly rapidly and limits our 
ability to make narrower constrictions. [197] Studies also indicate the ability of XeF2 to act as an 
effective gaseous chemical etchant and can be used to fabricate narrower MoS2 channels. [198] 
This process would be a purely chemical etching process and should not damage the masking 
polymer too significantly. As we can see from our prior study on these AFM tip created features, 
narrowing the width of the mask involves a simultaneous reduction in the height of the mask 
deposited. [199] Interestingly, the fabrication of nanoribbons less than 100 nm in diameter have 
been reported for exfoliated MoS2 and a significant increase in threshold voltage was observed for 
narrow MoS2 channels. The electrical properties of nanoribbon in CVD MoS2 have not been 
studied yet and would give valuable insight into the charge modulation that can be expected due 
to the presence of DNA. [200] The incorporation of such semiconducting nanoribbons into the 
stacked architecture could help achieve DNA sensing through a field effect sensing mechanism. 
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7.3 Nanopore Experiments with MoS2 Films 
As seen in our electrical properties measurements (Figures 31 and 32) higher currents and greater 
mobility is observed in case of contacts deposited over individual MoS2 crystal rather than 
continuous film. While it is possible to transfer individual crystals of MoS2 under a microscope 
over the FIB hole in our structures (Figure 33) using the PMMA based transfer process the process 
is fairly difficult.  
 
Figure 34. (a) Schematic of CVD chamber. MoO3 and sulphur are the precursors and the growth is done in an inert Ar atmosphere (b) Optical micrograph of a SiO2 on Si substrate showing the continuous MoS2 film near the centre of the sample (c) Photoluminescence spectrum showing the presence of the direct band gap at about 1.85 eV. The excitation wavelength is 532 nm.(d) AFM profile taken at the edge of the sample indicates a RMS roughness of 1 nm, close to expected value. (e) Raman spectrum of the films indicating a monolayer nature.  
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For nanopore studies involving the study of bio-molecule transport through an atomic layer thick 
region of MoS2 the presence of high quality crystals is not necessary. Particularly for studies 
focusing on the ionic current fluctuations in a nanopore due to various bio-molecules, which do 
not involve simultaneous measurement of current fluctuations in the MoS2 layer, we prefer using 
large area growths which are continuous and can be easily transferred and is mechanically stable. 
This is achieved by using a different growth process that involves the use of a seed layer of a 
graphene like material to promote nucleation and increase nucleation density. The use of reduced 
graphene oxide (rGO), perylene-3,4,9,10-teracarboxylic acid terapotassium salt (PTAS) and 
perylene-3,4,9,10-teracarboxylic dianhydride (PTCDA) promotes the layer growth of MoS2. [180] 
This is attributed to the increase in surface adhesive force due to the presence of seed layer 
promoting layer growth over island growth. [201] Interestingly it has been observed that only 
molecules with ordered aromatic structures promote MoS2 layer growth. In case of organic 
molecules with more distributed defects and dangling bonds only MoS2 particles were found on 
the surface indicating inability to initiate layer growth. Inorganic molecules have also been found 
to be unable to initiate layer growth. [201] Recent studies have also indicated the possibility of 
growing large area epitaxial monolayer MoS2 on sapphire substrates without the use of a seeding 
layer. The surface treatment of SiO2 by oxygen plasma has also been reported to promote layer 
growth. The plasma process is expected to enhance Si-(O or OH) bonding at the surface 
consequently lowering surface energy and providing a better lattice match for hexagonal MoS2 
growth. This facilitates heterogeneous nucleation and layer growth. [202]      
For our samples we have used PTAS as seed layer to grow continuous MoS2 films. The seed layer 
is dropped at the four ends of the substrate and let dry. As seen in Figure 34(b) this leads to growth 
of isolated domains close to seed layer region. In the CVD furnace the seed molecules are known 
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to diffuse in the high temperature conditions. In the central region of the sample the various MoS2 
domains coalesce to form the continuous regions of MoS2 film. Figure 34(c) shows the 
Photoluminescence (PL) spectrum showing the presence of a direct band gap of about 1.85 eV 
indicating a semiconducting monolayer film. In the monolayer regime where the direct band gap 
is dominant excitonic recombination mainly takes place through direct radiative recombination. 
[174] As the number of layer increase these excitons can get adsorbed and in bulk MoS2 PL is 
nonexistent. PL quantum yields for monolayer MoS2 were found to be about 3 orders greater than 
that of multilayer MoS2 due to radiative recombination across the direct band gap. [66] As can be 
seen in Figure 34(c) heating the substrate under a higher power laser substantially increases the 
PL yield due to enhanced radiative recombination. Interestingly the PL spectra is also observed to 
be red shifted attributed to material expansion that induces a consequent increase in the in-plane 
lattice constant. [203] The major peaks expected in the PL spectra corresponding to exciton A 
(∼1.85 eV) and exciton B (∼2 eV) are observed. Further confirmation of the monolayer nature of 
these films is obtained though AFM thickness measurement (Figure 34(d)) at sample edges. The 
thickness profile indicated a thickness of about 1 nm which is fairly close to the expected value of 
0.65 nm. The seed layer is known to induce roughness due to the high density of nucleation sites 
closer to the seed molecule. [201] Figure 34(e) shows the Raman spectra of these films. The 
separation between the Raman active modes E2g and A1g is used to study crystal quality as well as 
accurately identify the layer number of MoS2 flakes. The separation of 20.3 cm-1 is in the range 
expected for monolayer films and increases as the number of layers increase mainly due to the 
long-range interlayer Coulombic interaction between molybdenum atoms which become more 
important with increasing layer number of atoms as we move from monolayer to multilayer 
growths.  
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7.3.1 Long and Short dsDNA Translocation 
The continuous MoS2 films are transferred using a similar PMMA based transfer recipe described 
earlier in the chapter. Since these films are mostly continuous it is much easier to position these 
films on the FIB hole as shown in Figure 35a. The AFM studies on the transferred films showed a 
film thickness of about 0.8 nm which indicates monolayer transfer (Figure 35b and c). TEM was 
used to observe the crystal lattice of MoS2.  As seen in Figure 35d the transfer leads to a continuous 
film over the FIB hole. Figure 35e shows the crystal structure of MoS2 transferred layer. At high 
magnification (about 1MX) the hexagonal honeycomb structure of MoS2 can be seen. Using a 
focused electron beam nanopores were drilled in this single atomic layer thick membrane. Figure 
35f shows a 5 nm pore drilled in the MoS2 membrane. Nanopores in the range of 4-6.5 nm were 
drilled in the nanopore. The IV curves of the nanopores in KCl solution are shown in Figure 35g 
and the conductance values match well with reported values in literature for similar freely 
suspended MoS2 membranes. [76] The resistance for thin membranes is calculated by: 
                                                                    ܩ = ߪ4ܮߨ݀ଶ + 1݀
                                                                          (10) 
Where G is the pore conductance, σ is the ionic conductivity of the KCl solution, L is the length 
of the membrane and d is the pore diameter. The term of (1/d) in the denominator of equation 10 
is the access resistance term is significant for thinner membranes. [204] Applying this expression 
to the 6.5 nm pore the theoretical conductance is expected to be about 30.8 nS while the observed 
conductance is 27.9 nS which indicated a good match with expected theoretical values. The linear 
nature of the IV curves also indicated good wetting. 
115  
 Figure 35. (a) Schematic of MoS2 transferred onto a FIB drilled hole on our substrates with stacked layers of Al2O3 and Si3N4. (b) AFM micrograph taken at the sample edge.(c) AFM thickness profile of image b. The height measured of 0.8 nm is close to expected value for a monolayer of MoS2 d) TEM image of MoS2 film transferred over the FIB hole. (e) TEM image of the transferred MoS2 film at high magnification showing the hexagonal lattice indicating the high quality of the layer. (f) TEM image of a 5 nm pore drilled on the transferred MoS2 layer. (g) IV curves of nanopores of diameter between 4-6.5 nm at various salt concentrations. 
The lesser extent of hydrophobic interactions between MoS2 and DNA have already been reported 
in literature. [76, 77, 205] Indeed in our experiments the success rate with MoS2 membranes was 
higher than similar runs with bare graphene pores which are very hard to wet and get to conduct. 
A 6.5 nm pore was used to show transport of 10kbp dsDNA (1nM concentration). These 
experiments were performed in a 600mM KCl solution buffered with 10mM Tris and 1mM EDTA 
at pH 7.6. Figure 36 shows the summary of the results obtained. Figure 36a shows the scatter plot 
of the translocation events. As expected as the transmembrane voltage is increased from 500, 700 
to 1000 mV the event density goes up and the blockade levels increase. Figures 36b and c show 
the expected effects of voltage on translocation time and blockade levels. At higher voltages the 
translocation time decreases indicating translocation of biomolecules as opposed to random 
collisions being the principal cause of these current transients.  
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Figure 36. Summary of 10 kbp DNA transport data through a 6.5 nm pore in a freely suspended MoS2 membrane. All experiments are done in a 600mM KCl solution buffered with 10mM Tris and 1mM EDTA at pH 7.6 (a) Scatter plotting of 10k dsDNA transports in 6.5 nm MoS2 nanopore at three different transmembrane voltages (b) Current blockade of DNA transport as a function of the transmembrane voltage (c) Transport duration of DNA as a function of the transmembrane voltage (d-f) Typical current transients observed in nanopores at the three different transmembrane voltages. (g) Current blockade histograms for DNA transport. (h) Transport duration histograms for DNA transport. 
Further confirmation of DNA translocation can be obtained through estimating the expected 
blockade levels. Using equation 7 we obtain an expected blockade level of 1.6 nA which is fairly 
close to the observed value (Figure 36b). Figures 36d-f shows typical current transients in such 
nanopores. Figures 36 g and h are histograms obtained at the three different voltage values used in 
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this experiment. The average speed of DNA translocation is about 0.02 µs/bp which is too quick 
to be able to discern individual nucleotides. The reduced DNA pore interaction along with the 
atomically thin membranes leads to the high translocation velocities. The thinner nanopores have 
much smaller entropic barriers for DNA transport and thus lead to faster biomolecule transport.  
This reduction in entropic barrier is further demonstrated through the study of short dsDNA strands 
(90 bp) through a 12 nm pore. The results are summarized in Figure 37. Interestingly DNA 
transport is observed at transmembrane voltages as low as 50 mV. This can be understood by the 
reduced viscous drag experienced in the nanopore by the translocating molecule as the membrane 
is ultra-thin. In addition by using short molecules the hydrodynamic drag on the untranslocated 
part of the molecule is also significantly reduced.111 Theoretical calculations have estimated a 
threshold voltage barrier of about 60 mV in 30 nm thick silicon nitride membranes and voltage 
values of above 100 mV are normally used. [206, 207] 
 
Figure 37. Summary of 90 bp DNA transport data through a 12 nm pore in a freely suspended MoS2 membrane. All experiments are done in a 1M KCl solution buffered with 10mM Tris and 1mM EDTA at pH 7.6 (a-c) Typical sample events of 90bp dsDNA transports at transmembrane voltage values of 50 mV, 80 mV and 100 mV (d) The dependence of current blockade levels with applied voltage. (e) Current blockade histograms extracted at the three different transmembrane voltages. (f) Average transport duration for the short DNA strands follows expected trends with applied voltage. (g) Transport duration histograms extracted at the three different transmembrane voltages 
118  
While the entropic barrier would be reduced for graphene membranes as well the hydrophobic 
interactions between graphene and DNA molecules add an extra inhibitive force and DNA 
translocations at less than 100 mV have not been reported so far. Figure 37 further shows typical 
transport properties as expected for short dsDNA translocations. The transport blockade levels 
increases as the transmembrane voltage is increased (Figure 37(d)) and the translocation duration 
reduces at higher voltages (Figure 37(f)). Thus the reported results are due to true translocation of 
biomolecules as opposed to random collisions. The translocations observed are also very quick as 
expected since there is very little polymer pore interactions. At applied voltage of 100 mV the 
translocation speed is calculated to be about 0.35 µs/bp. Since our acquisition equipment filters 
the ionic current data at about 100 kHz we cannot measure translocation durations smaller than 10 
µs. As a result we can expect at higher voltages the translocation data from short DNA strands 
might be filtered out as we see in the next section. 
7.3.2 Translocation of Protein Complex 
The potential of ultrathin membranes for spatial mapping of protein complex sites on a DNA 
molecule is of considerable interest in the field of diagnostics. In particular the quantification of 
methylation sites on a DNA molecule is of great significance in cancer research. Aberrant 
methylation patterns have been shown to be present in much greater quantity than genetic 
alterations in patient samples. [24] Nanopore based assay has shown considerable promise in the 
field as a method that is less labor intensive and can be used for smaller concentration for 
methylated DNA samples. Thinner membranes have been reported to show promise of spatial 
mapping. Shim et.al. demonstrated the ability of a 10 nm pore to spatially profile a single CpG 
dyad in DNA fragments. [101] A single atomic layer stable membrane could provide a pathway 
119  
towards achieving spatial profiling of methylated sites. While graphene is also single atom thick 
the greater DNA pore sticking interactions makes it difficult to obtain high yield of protein 
transport in a graphene nanopore. Theoretical simulations have however shown the promise of 
such thin membranes in inducing multiple level steps in the current transient signal and greater 
discrimination in DNA and protein complex blockade levels. [208] While graphene is very hard to 
wet, surface treatment of graphene by attachment of amphiphilic molecules has been used to report 
Ferritin protein transport through a nanopore. [209] 
 
Figure 38. Summary of DNA complex transport experiments in a 12 nm pore in freely suspended MoS2 membrane. All experiments are done in a 1M KCl solution buffered with 10mM Tris and 1mM EDTA at pH 7.6 (a) Typical current transient observed at an applied voltage of 200 mV. Deep blockade levels corresponding to complex transport can been seen while no spikes corresponding to DNA transport are observed (b) Summary of the current blockade and transport duration for the DNA and complex transport experiments. (c-d) Schematics of DNA and DNA complex transport through the MoS2 nanopore. (e) TEM image of the 12 nm pore used in this experiment. 
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The lower level of biomolecule and MoS2 interactions make MoS2 a more ideal candidate to study 
the transport of such protein complexes. Figure 38 presents results of DNA and DNA-complex 
transport through a 12 nm pore in a freely suspended MoS2 membrane. The same nanopore was 
used to study the translocation of short 90 bp dsDNA (1 nM conc.) reported in Figure 37. As the 
applied voltage was increased to 200 mV we cease to observe any current spikes due to DNA 
alone. This is explained by the fact that the current ionic current acquisition electronics has a limit 
of detection of 10 µs. We can see form Figure 38(b) the expected time for translocation at 200 mV 
is below 10 µs and thus no detectable spikes are seen. However the complex molecules are much 
bulkier and take longer to move across the nanopore. Thus when 10 pM of complex is mixed into 
the solution and flushed though the chamber we see deeper blockade levels. Thus this 12 nm 
nanopore is capable of detecting DNA-complex molecule form the bare DNA molecules. As seen 
in Figure 38(b) the blockade levels are also in nano-amperes and significantly larger than the 
blockade levels observed at lower voltages indicating the translocation of DNA-protein complex. 
The schematic of the complex is shown in Figure 38(d). The complex molecules have multiple 
sites of DNA-protein binding (CpG sites). However the typical current spikes only showed a single 
blockade level as opposed to multiple levels due to the different methylated and protein bound 
sites. This can be attributed to the speed of transport of the complex molecules. The large pore and 
atomically thin membrane mean the biomolecules move through the nanopore faster. To achieve 
spatial profiling of individual protein bound sites the DNA transport needs to be slowed down. An 
easy way to achieve this would be to use smaller nanopores. The DNA-protein complex is reported 
to be about 7 nm in diameter and a nanopore slightly larger than the complex diameter could 
provide enough of an entropic barrier to slow transport and enable spatial profiling. The success 
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of DNA transport through atomically thin membranes certainly shows enough promise to pursue 
this direction.   
7.3.3 Integration of MoS2 into the Stacked Architecture 
We further demonstrated the integration of the transferred MoS2 layers into our stacked 
architecture. The process is similar to the one reported in chapters 2 and 3.  
 
Figure 39. DNA transport in a stacked architecture of graphene-Al2O3-MoS2-Al2O3. All experiments are done in a 1M KCl solution buffered with 10mM Tris and 1mM EDTA at pH 7.6 (a) IV curve of a 7 nm pore (inset) drilled in the stacked structure (b) Scatter plot depicting the current transients observed at a transmembrane voltage of 500 mV. (c) Current blockade histogram at an applied voltage of 500 mV (e) Transport duration histogram at an applied voltage of 500 mV. 
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A graphene layer was transferred onto the FIB hole and a layer of dielectric (Al2O3 t = 24 nm) was 
deposited on the graphene layer. Subsequently a MoS2 layer was transferred on top of this 
dielectric layer followed by deposition of another 24 nm of Al2O3. Subsequently nanopore of 
diameter 7 nm was drilled in this stacked structure as seen in Figure 39(a). After 30 seconds of O2 
plasma on the backside of the chip to enable wetting the chip was assembled in 1M KCl solution. 
The IV curve seems fairly linear indicating good wetting. 1 kbp dsDNA at a concentration of 1 
nM is used for the nanopore experiments. The scatter plot (Figure 39(b)) shows a decent number 
of events indicating DNA transport. The current blockade level is expected for such a nanopore 
and agrees well with theoretical calculations and the histograms of both blockade levels and 
transport durations are shown in Figure 39(c) and 39(d). The stability of these membranes indicates 
that a similar stacked structure can be easily fabricated. The integration of MoS2 nanoribbons into 
this structure could help enable both DNA sensing through a field effect sensing mechanism while 
the graphene layer slows down the DNA transport. 
 
Figure 40. (a) SEM image of a Pt marker on a membrane using FIB (b) AFM image (contact mode) obtained after g transfer and Al2O3 growth. Since both the FIB holes and the markers can been seen clearly these markers can be used to locate the region to pattern in the final stacked architecture.   
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The integration of the nanoribbons using our AFM based process requires alignment markers to 
locate the regions to patterns. These alignment markers can easily be created using a FIB system 
with the capability for platinum deposition. [210] SEM images in Figure 40(a) show the alignment 
markers deposited at an acceleration voltage of 5 kV. After transfer of graphene followed by Al2O3 
deposition the alignment markers can still be seen by the AFM tip in the contact mode (Figure 
40(b). This provides a cheap and simple process to deposit alignment markers that can be used to 
fabricate the final structure and pattern nanoribbons of MoS2 to integrate with the multiple 
graphene and dielectric layers.  
7.4 Chapter Summary  
In summary this chapter presents our study on the semiconducting single atomic layer thick 
material MoS2 and the potential for application and integration of this material in a nanopore 
system. We fabricated channels of MoS2 on flat substrates and showed current modulation in the 
channels though back gating. The extent of current modulation was found to be orders of 
magnitude higher than that for similar graphene channels indicating greater potential for this 
material to probe DNA through charge based sensing mechanisms. We also performed 
experiments with transfers of MoS2 layers and showed long and short DNA transport through 
nanopores in transferred MoS2 layers. Subsequently we also showed the ability of this atomic layer 
thick material to distinguish DNA-protein complex molecules from the DNA molecules. Finally 
we also showed that these layers can be easily integrated into our stacked architecture previously 
developed and is stable and shows DNA translocation. A FIB based Platinum deposition technique 
was used to make alignment markers which can be easily spotted using AFM and thus can be 
utilized to integrate MoS2 nanochannels into the stacked architecture.  
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CHAPTER 8 
CONCLUSIONS 
Solid state nanopores provide exciting opportunities to study biomolecular transport though ion 
channels. Solid state nanopores are more robust and less sensitive to environmental conditions 
than biological nanopores. In addition it offers the versatility of integration of embedded sensing 
electrodes making them more versatile. The challenges in replicating the success of biological 
nanopores in DNA sequencing applications are mainly related to the speed of DNA translocation 
and the spatial resolution of individual bases. 2D materials like graphene and MoS2 offer potential 
solutions to these issues. Firstly the development of a stacked architecture with embedded 
graphene and dielectric layers is demonstrated. These membranes were found to be highly robust 
and have stable conductance values. The translocation of both DNA and DNA-protein complexes 
were shown. The embedded graphene electrodes were used to study the electrochemical properties 
of isolated graphene edges. The study also provides insight into leakage issues in the stacked 
structures and a systematic study on how to eliminate such leakage paths. The individual graphene 
layers also have strong interactions with the translocating DNA molecules and this was 
demonstrated through varying the number of graphene layers. The effect of hydrophobic attraction 
between graphene and DNA was used to slow DNA transport through the nanopore. The electrical 
properties of graphene and MoS2 also provide a unique opportunity to explore current modulations 
in an embedded layer in the stacked architecture while simultaneously probing the ionic current 
fluctuations. We presented our study on the fabrication of graphene nanoribbons using a heated 
AFM tip. The top-down approach offers easier control over alignment of such nanofeatures 
without needing any alignment markers. However the current modulation was observed to be very 
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small over a wide back gate voltage range. The recent development in semiconducting single layer 
materials like MoS2 could be a potential replacement for graphene for this application. We reported 
the current modulation in MoS2 channels and the current modulation was observed to be orders of 
magnitude higher than for graphene indicating greater potential of this material for charge based 
sensing mechanism. We also demonstrated the transport of short and long DNA fragments though 
freely suspended MoS2 membranes as well as the transport of DNA though a stacked structure 
with an integrated transferred MoS2 layer. Thus MoS2 was found to be perfectly compatible with 
our established techniques for stacked layer fabrication and can be easily integrated. The heated 
tip AFM approach can be used to fabricate nanoribbons and integrated into a final structure with 
the other graphene and dielectric layers to achieve the goals of sequencing. The versatility of these 
stacked architectures offers interesting opportunities for further exploration.    
In addition to sequencing, nanopores also have applications in diagnostics due to their ability to 
discern individual structural changes in a single molecule. We demonstrated the transport of 
clinically relevant DNA-protein complexes through nanopores in freely suspended MoS2 
structures.  These nanopores demonstrated the ability to distinguish the bulkier complex molecules 
from the DNA molecules. The atomically thin nature of MoS2 makes it an ideal candidate to 
achieve spatial profiling of complex sites on a single molecule. These complexes are important 
cancer detection markers and a nanopore based assay will be of value in producing a cheap 
diagnostic tool.  
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CHAPTER 9 
FUTURE OUTLOOK 
 
This study builds on the previous work done in our group on the development of stacked graphene 
and dielectric layers in a nanopore structure. The stability and robustness of these stacked layers 
was shown. In addition extensive leakage studies were done to establish a framework to integrate 
multiple layers. The graphene layers were shown to interact strongly with translocating DNA 
which was used to slow DNA transport, essential to improving the ability of the nanopore to 
discern fluctuations from individual nucleotides. We also demonstrated a cheap and convenient 
technique to fabricate graphene nanoribbons which can be integrated easily in the stacked 
architecture to study field effect sensing mechanisms in the nanopore structure. The lack of a band 
gap in graphene implies the requirement of extremely thin nanostructures to observe concurrent 
fluctuation in the conductivity embedded active layer as the DNA translocates. MoS2 monolayers 
however are direct band gap semiconductors and could be the ideal replacement. The integration 
of MoS2 layers was demonstrated and the electrical properties show a lot of promise for field effect 
sensing. We envision an eventual device with stacked layers of graphene-Al2O3-MoS2-Al2O3-
graphene where the multiple graphene layers slow DNA transport and the current fluctuations in 
a patterned MoS2 layer could enable direct sensing of individual nucleotides for sequencing.  
In addition nanopores also have diagnostic applications and the stability of a freely suspended 
monolayer MoS2 membrane suggests potential for spatial mapping of single molecules. In 
particular the ability to discern individual methylation sites on a DNA strand would be very 
valuable in cancer diagnostics. While the translocation of individual DNA-protein complexes have 
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been demonstrated achieving the goal of spatial mapping would require slowing DNA transport 
though the nanopore. The use of smaller nanopores could provide enough hindrance to molecular 
transport to be able to discern individual protein bound methylated sites. In addition studies 
involving holding a molecule at the nanopore site with bulky proteins like Streptavidin could also 
be envisioned to distinguish molecules differentiated by minor structural changes. Due to 
atomically thin nature of the membrane such spatial mapping of molecules seems potentially 
feasible. The reduced interactions of these biomolecules with MoS2 as compared to graphene 
indicate its greater potential for these applications.      
 
Figure 41. Schematic of proposed device with multiple layers of graphene and MoS2. The graphene layers can be used to slow DNA transport while the patterned MoS2 layer can act as the field effect sensing element      
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APPENDIX  Graphene Growth and Transfer 
Graphene is grown by chemical vapor deposition (CVD) on 1.4 mil copper foils purchased from 
Basic Copper. Copper foil is placed in an Atomate CVD system and annealed at ∼1000 °C under 
Ar/H2 flow for 90 min at a base pressure of ∼4.4 Torr. Graphene is grown for 30 min at 1000 °C 
under 850 sccm of CH4 and 50 sccm of H2 at a base pressure of about 2.5 Torr. The resulting 
graphene and Cu substrates are cooled to 400 °C under 850 sccm of CH4, 50 sccm of H2 at a rate 
of ∼10 °C/minute followed by cooling to room temperature under 500 sccm of Ar while the base 
pressure is ramped to 760 Torr. Graphene is transferred to the receiving substrates by coating one 
side of the Cu foil with a bilayer of PMMA (495 K A2 and 950 K A4). Each layer of PMMA is 
coated at 3000 rpm followed by a 200 °C bake for 2 min. The backside graphene is removed by 
O2 plasma etching prior to etching the Cu foil, in etchant overnight (Transcene CE-100). The 
resultant PMMA/graphene film is transferred to a 10% HCl in deionized (DI) water solution to 
remove residual metal particles followed by a second DI rinse. The film is then transferred onto 
the receiving substrate with predefined FIB holes (∼300 nm in diameter) and PMMA is removed 
in a 1:1 methylene chloride/methanol solution for 30 min. The samples undergo a 400 °C anneal 
under Ar (500 sccm) and H2 (100 sccm) flow to remove residual PMMA. Alternatively the 
transferred substrate can also be heated at 50 °C for 5 min and then heated at 150 °C for 20 min to 
remove residual water and promote the adhesion of graphene film to the substrate. 
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Raman Spectroscopy  
Raman mapping is performed using a scanning confocal Renishaw Raman microsope (inVia and 
WiRE 3.2 software). Data are collected using a 633 nm edge emitting laser (laser spot size ∼1.3 
μm and ∼0.1 mW incident power), a 50× long working distance objective, a 1800 lines/mm 
grating, and 30 s acquisition time; 121 spectra are collected over a 20 × 20 μm2 area at a 2 μm step 
size and analyzed by fitting mixed Gaussian and Lorentzian curves around the D, G, and 2D Raman 
peaks centered at ca. 1340, 1590, and 2660 cm–1, respectively. A cubic spline interpolation is used 
to subtract the background before curve fitting.  
Supporting Membranes 
Membranes consisting of stacked layers of Al2O3 and SiNx are fabricated on 300 ± 2 μm thick 
double-side polished ⟨100⟩ silicon wafers purchased from Silicon Quest International. Wafers are 
piranha cleaned (1:1 H2SO4/H2O2) for 15 min before depositing Al2O3via ALD (Cambridge 
Nanotech). Al2O3 (50 nm) was deposited at a platen temperature of 250 °C using tetramethyl-
aluminum (TMA) and water vapor precursors. Subsequently, 200 nm of low-stress SiNx is 
deposited (STS Mesc PECVD system) using a mixed-frequency recipe (high frequency, 6 s at 
13.56 MHz, platen power of 20 W; and low frequency, 2 s at 380 kHz, platen power of 60 W) with 
precursors SiH4 and NH3 at flow rates of 40 and 55 sccm, respectively, at a platen temperature of 
300 °C. Another 50 nm of Al2O3 (ALD) is deposited with the same parameters as described before. 
Optical lithography is used to define 80 μm square windows on the back of the wafer with the aid 
of plasma resistant Megaposit SPR-220 photoresist and an ABM Flood Exposure (model 60) tool. 
The wafer is then placed inside an STS Pegasus ICP DRIE and 80 μm square membranes are 
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suspended using a Bosch etching process; 300 to 350 nm holes are then formed in these membranes 
using a focused ion beam (FIB) (FEI DB235) operated at a beam current of 30 pA. 
Nanopore Fabrication and Nanopore Fluidic Measurement 
The graphene–Al2O3–graphene–Al2O3 stack is fabricated sequentially using the same graphene 
transfer and ALD process as described previously. The thickness of Al2O3 for both dielectric layers 
is 24 nm. An Al seed layer (2 nm thick) is deposited on graphene using a CHA SEC-600 electron-
beam evaporator prior to deposition of both dielectric layers. The second (top) graphene layer is 
contacted with Ti/Au contacts. Electrical contacts, Ti (2 nm thickness adhesion layer) and Au (300 
nm thick), are deposited onto G2 by shadow masking and e-beam evaporation. The measured sheet 
resistance of graphene is 6.7 kΩ/□. Single nanopores of 5–20 nm diameter are drilled in the 
graphene-embedded membrane using a JEOL 2010F field-emission gun TEM operated at 200 kV 
in CBED mode with focused electron probe of diameter = 1.6 nm. O2 plasma treatment at 50 W 
for 30 s on source side facilitates wetting. Subsequently Al wires are attached on Ti/Au contacts 
using silver paint and the chip is assembled in a custom-built chamber. Ethanol is filled in both 
reservoirs initially to promote wetting. Subsequently the ethanol is flushed out and the reservoirs 
are filled with a solution of 1 M KCl, 10 mM Tris, 1 mM EDTA at pH 7.6. All nanopore 
experiments are performed with Axopatch 200B and Digidata 1440A at room temperature (22 ± 2 
°C). 
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DNA Transport Experiments 
The various stacked architectures presented in this study with various combinations of graphene 
and dielectric layers have been fabricated using the same basic process described in the previous 
section. For membranes with exposed graphene layers it is essential to minimize material damage. 
To minimize damage to the graphene layers, beam alignment is performed on the supporting 
membrane area, which is much thicker and we wait about 5 min to minimize beam drift. The beam 
is then quickly moved to a clean fresh area on the FIB hole area to drill the pore. For the 
experiments involving the purely dielectric membrane, a pretreatment with an O2plasma treatment 
is done for 1 min at 50 W to facilitate wetting. In all other experiments the chip is assembled as is. 
The chip is assembled in a custom-built chamber. Ethanol is filled in both reservoirs initially to 
help clean the devices and promote wetting. Subsequently, the ethanol is flushed out and the 
reservoirs are filled with a solution of 1 M KCl, 10mM Tris, 1mM EDTA at pH 7.6. All nanopore 
experiments are performed with Axopatch 200B at room temperature (22 ± 2 °C). Data are low-
pass-filtered at 10 kHz using the built-in 8-pole Bessel filter. The output signal is sent to a Digidata 
1440A data-acquisition module (Axon Instruments, USA) and is digitized at 100 kHz and recorded 
using pClamp 10.2 software. DNA translocation studies involve the use of 100 nt ssDNA 
(Integrated DNA Technologies) and 850bp dsDNA (Thermo Scientific). Other commercial DNA 
samples of 10 kbp and 1kbp used for MoS2 DNA transport studies were also purchased from 
Thermo Scientific. While normally 1nM of dsDNA is used in these experiments, short single 
stranded DNA used in these experiments was in 1 µM concentration. 
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Electrical Measurements  
For graphene nanoribbons, graphene layers are transferred onto a SiO2 on Si substrate with pre 
patterned electrodes using the same PMMA based process described above. The Si substrate is 
highly doped n doped (resistivity = 0.005 Ω cm) to enable back gating. Ti/Au (2/30 nm) electrodes 
were deposited using e-beam evaporation. After the graphene transfer a heated AFM tip is used to 
load Polystyrene. This tip is then used to pattern graphene nanoribbons on this substrate. For the 
graphene nanoribbons a 90 nm oxide gate is used and back gate is swept from -60 to 60V while 
the drain source voltage was limited to 1V. 
For MoS2 channels we used similar oxide on silicon substrates but the gate oxide used here is 270 
nm in thickness. MoS2 is first transferred from the growth substrates onto a fresh SiO2 on highly 
n-doped Silicon substrate. This is accomplished by first spinning PMMA A4 950K on the growth 
substrate at 2000 rpm for 40 seconds. Subsequently it is baked at 150 °C for 10 min. Then the 
sample is etched in 1M KOH at 80 °C for 1 hour till MoS2/PMMA stack delaminates. Then the 
film is transferred onto a fresh substrate and let to dry in air for 1-2 hours. PMMA is then removed 
by submerging in acetone for 30 min. Ni/Au (5/30 nm) electrodes are patterned on individual MoS2 
crystal using optical lithography and subsequently tested. A similar transfer process is used to 
fabricate the freely suspended MoS2 structures used in the DNA and DNA-complex nanopore 
transport studies. MoS2 was found to be etched in similar conditions as graphene and the RIE O2 
plasma process was used to form MoS2 nanochannels.  
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